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ABSTRACT

This report presents analytical techniques rfor predicting both the linear
and nonlinear stresses and deformations of mechanically fastened joints, The
1lem M liatlicn used 39 a ot D otocked parcllsl plates which tranefer _loinar
loads among themselves by mesns of transverse fasteners. The plates are
treated by finite element methods of matrix structural analysis in which
each element is aseumed to be in plane stress for both elastic and plastic
stress states. The fasteners, which are treated by short-beam theory,
inteiact with the plates under the assumption that the plates may be
represented by an equivalent elsastic foundation.

Application of the present analytical technigques was made to a variety
of problems including: the combined elastic-plastic behavior of plates with
unloaded holes, the losd-deflection behavior of 8] gle-fastener joints, the
residual stress distributions in pletes with squecie rivets, the effect of
fastener bending and shear deformation on the bea-ing stress distribution
between the fastener and the plate, and the prediction of the fatigue life
of typical mechanically fastened joints. In all these cases, comparicons
with test results generally gave very good correlationm.

Parametric studles were performed to determine the erfects on stress and
deflection distributions of variadbles such as: 1nitial clearance or
interference between fastener and hole, loed level, geometry and material
propertiens., The effect of these varisbles upon fatigue life of single and
multi-fastener joints under realistic loadings was also assessed.

For the range of parameters studied, the effects of hole ¢lesrance and
fastener interference and geometric configuration arpear to play the
dominant roles in determining the stress distribution and hence, the fatigue
lifc of wechanlcally fastened joints.
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CHAPTER 1, SUMMARY OF PRESENT EFFORT

2.1 Introduction

The accurate structural analysis of mechanically fastened joints is an
important aspect in the efficient design of aircraft structures where minimum
welght is a prime conslderation. As & first step in such an analysis, it is
necesGary to koovw the distribution of the applied loads among the different
fasteners in a multi fastersr Joint. Previous investigations (Refs. 1 and 2)
have developed conveniept, rectical methods for determining such gross load
distribucions in multi fastener jointes. However, one of the necesaary input
quaptities for the use of such methods is the load-displacement relatiomship
for an appropriate single fastener joint, In the studies of Refs, 1 and 2
recort to test data was made 1n obtaining the input information necessary
for such gross analysis methods.

In addition, snother input to these procedures is the proper spring con-
stants representing the sheet material between fasteners. The spring constants
involve uniformly loaded “"effective widths" because of the non uniform stress
ficlds that exist in the sheets in the vicinity of the fasteners. Here again
the techniques of Refs. 1 and 2 employ semi-expirical inputs to account for

the pimte spriupx coustanis needsd in the anclys

The methods developed ir the present study provide an alternative to the
empirical spproach by supplying anelytical predictions of the plate-fastener
spring constants for the complete range of loading up to and teyomd ylelding,
using neonlinear pilanar analyses. Methods are also developed for predicting the
non-planar elastic portion of the load-deflection curve of a single fastener.

A more general inelastic procedure for predicting the inelastic portion of this
load-deflection curve 15 also indjcatled but not iwplemented. The to*tal Jjoint
deformation resulting from both plate and fastener deformations are then
determined and some analytical results are compared with those obtained from a
concurrent, small scale experimental program.

After the transfer loads and by pass loads for the individual fastenpers

are obtained by procedures such as those of Refs, 1 and 2, the peak stresses
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that occur in the vicinity of the fastener holea must still be determin=d,
These total peak stresses are particularly significant in fatigue studies,

The procedures presented in this report, which emplcy matrix methods of
structural analysis in conjunction with firite element techniques, eneble the
determipation of these stresses in plates having either loeded or unloaded
holes. Furthermore, the effects of fastener bending and shear deformatiouns on
the distribution of Learing stress betweeu fastener and plate, through

the plate thickness, are analyzed and the resulting increases in the peak
bearing stress determined.

To determine the applicability of the analyticel resuli: obtalned, the
fatigue &nslysis prediction of an aluminum jeint with both bole clearance and
interference fit is made. Finally, a comparison is madc of the analytical
life prediction of an sctual titanlum joint with test results chowing the
effect of clearances for a spectrum type loading.

1.2 Methods of Analysis
1.2.1 General

A mechanically fastened Joint is, in general, a highly redundant structure
in which the mecheanism of load transfer creates a nonlinear, three-dimensional,
combined elastic-plastic stress state. Slnce the exact analysis of such
problems is clearly beyond the present atate of the art, a more mocdest approach,
based upon justifisble engineering simplifications, 1s employed.

Basically, the approach taken is to create a series of two-dimensional
plate idealivations which include ac varisble parameters the inporiani pianar
effects such as material properties, geometric coufiguration, hole clearance
and interfercnce fit, In addition, a one-dlmensional model capable of
accounting for fastener shear and bending, head stiffness effects and bzaring
stress variation through the plate thicknese is used. This componert analogue
to simalate the actual mechanically fastened structure is 1llustreted
schemetically in Fig. 1.

1.2.2 Two-Dimensional Problems

The plapar prublems are treated by the finite 2lement method of
structural analysis. Twe types of problems are considered in the present
study: (1) elastic-plastic analysis of plates with unloaded holes, and (2)
elastic nonlinear contact problem analysis of plates with holes loaded by
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rigid circular pine having arbitrary initial fit conditions. The analysis of
rrotlems of the first type 1e given io Chapter 2 and problems of piates with
loaded holeg are treated in Chapter 3

1.2.3 Zhree-Dimension Effects

The three-dimensional fastener-plate interaction 1s approximated
through 4dealization of this system as & short beamw on an elastic foundation.
The festener deformations are treated by vacious beam theories which include
either shesr or bending effects, while the plates are replaced by & coatinuous
et of mutuelly uncoupled eprings whose moduli are determined from the con-
current two-dimensiopal finite-element study described in Sectior 1l.2.2,

1.3 Applicetion of Present Analytical Results
1.3.1 Effective Width and Inelastic Stiffness of Plates with Holes

An elastic-plastic plapar anslysis capable of genersating "spring
constants” for the plates ipn multi-festeper Joint snalyses as described in
Refs, 1 and 2 {8 appliecd to several plates with unloaded holes. The stiff-
ness characteristics of these structures are evalusted at load levels in the
elastic and plastic regions. From the planar finite element analysis the
"effective width" of the plate is determined, Present results reveal that
thie parameter is strongly influenced by the hole spacling-to-hcle diameter
ratio (S/D) and to the hole spacing-to-plate width ratio (S/W). For usual
hole spacing, say of the order of 4D, it is found for the values of S/W
considered, that the effective width of the plate is approvimetely 7
percent of the original width,
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1.3.2 Prediction of Load-Deflection Behavior for Siungle Fastieners in Single
and Double Shear

The bending and shear deflections in a fastener are evaluated separately
by solving the dlfferential equations Yor & beam on &n elastic foundation,
where the modulus of the foundation is the local spring coustant of the piate.
The cases considered are & fastener in antisymmetrical single shear and &
fastener in symmetricual doudble shear, The relative magnitudes of the shear amd
bending deformations are estimated for severasl casee through numerical applica-
tions. In addition, the effects of head fixity are estimated through considera-

tion of the two limiting cases, 1.e., s rigidly clamped head and one with
negligible rotational resistance,
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The effects of fastener £lexibility on the bearing stresses between
festensr and plate through the plate thickness are examined, The iucrease in
the bearing stress, at sowe plate thickness locations, atove the nominal
bearing stress obtained with a rigid festener are c¢valuated for a range of
fastener diameter to plate thickness ratios and the results presepted in
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graphical parametric form. If stear rigidity of the plate in the thickness
direciion may be pmeglected, these local locreases iu bearlng stress result in :
correspording increases in all the plate stresses at the same plate thickness 1

locations.
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1.3.3 Estiyue Analysis Under Constant Amplitude and Spectrum Losading

Gl

The effect of fastener it (ie. ciearance amd ipterference) on fatigue
life of mechenically fastened Joints ie studled for comditions of constant
amplitude and spectirum type loading. In general, results lodicate that fatlgue 3
life i1s reduced for ceses where there is a clearance betweer fastener and hole
and increased wvhere there 1 an interference fit. The degree of improvement
or reduction in fatigue life is shown to be a furction of the amount ol

O TN T E DR Tj) NI Ey

clearance or interference in the Jjoint.

™

There eppears to be a fairly uniforp decrease in fatigue life in going from
a neat fit condition up to clearances of approximately 2% dia,, after which the
effect 1s progressively leec significapt. For interference fit cases, results :
indicate the possibility of an optimum interference for & given stress level ' 3

and Joint geometry. It should be noted however, that excessive amounts of

interference may e detrimentsl to ratigue jire.

1.3.4 Correlation With Experimental Results
(1) Static Tests

Overall joint Flexibilitles for single fastepmers in double shear
are determined both experimentally anl enslytically. A comparison of the
results reveals a reasonable correlation for the modest number (15) of
tests performed. Both tests and analytical predictions reveal a greater
sensitivity of results with the type of fit between fastener and hole (i.e.,
loose or interference) rather than with the festener material employed,
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(2) Fatigue Tests

Fatigue test data for double~shear azd wulti fastener aluminuw alloy
and titenium alloy Joints which include both constant amplitude and spectrum
type fatigue loading,are cowpared to analytical predictions based on the results
3 ' of this study., Although the data exhibit & fairly large scatter, the tremd to
reduction in fatigue life as clearance between fastener and hole is increased
is clearly demonstrated., Improvement in fatigue life 1is generally obtained in
going from & peat fit or . learance to an interference fit, but there are
optimum degrees of interfereance for glven stress levels amd Jjocint geometries.

It is notable that all the basi: tremds are predictable by aualysis.

Limited experimental test data are algo presented to show the
effect of clamp-up due to installation torque on fatigue life, A multi fastener
double=-shear aluminum &lloy joint was tested in comstsant amplitude fatigue for
ccrdit tons of normal clamp-up ard no clamp-up., Consideradble increases in
fatigue life are shown for the clamp-up condition.
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1.4 Conciusions and Recommendaetions

Analytical methods for studylng the complex structural three-dimensional
stress and deflection behavior of mechanically factensd joints have been
presented in this report. These techniques have proved to be very useful
in obtaining basic data so as to gein a better understanding of the problem
1 and to narrow down the most important parameters which affect etructural Joint
behavior. Tobe results of planar analyses of plates with losded and unloaded
holes have provided ioput information for both static load-deformation charac-
teristic studies and fatigue life predictions of joints.

PRI

An adeguate engineering wmethod of determining the separate effects of
fastener shear and bending flexibility on overall joint flexibilities amd local
stregs distributlions has been aeveloped. TFor the cases considered, the effects
o1 bending flexitility were generally less significent than the effects of
shear flexihility.

IR

Possible exteusions of the techniques presented include & more refined
beam theory to include tne effects of fastener shear and bending simultanecusly,

et well as countersink head effects and clamp-up force upon sverall Joint

i

compliance and stress concentration,
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1t is concluded from these studies that the fatigue lives of mechani-
cally fastened Joints are significantly affected Hy the degree of clearence
or interference between the fasteners and roles. Basic trends shown in
experimertal Jjoint fatigue test data have beepn reasonably well predicted by
the fatigue ana&lyeis, It was also possible tc account for certain aspects of
Joint tatigue behavior tbrough a study of the elastic stress variation around
plate holes, as relsmted to nominal stress level amd hole locaticn in the
Joint.

It 18 concluded that clearances between fasteners and holes will
reduce fatigue life beyond that obtained with a neat fit comdition. 1In
addition the effect on an interference fit will generally improve fatigue

life, although behavior under thia condition is not as predictable as in the
case of clearance fits, This 1s due to the degree of plasticity encountered

as & result of the initial interference fit. Trends shown by the fatigue
analysis, backed up by limited test cata, indicate the possibility of the
existence of an optimum interference for a given joint geometry, and that
additional interfererce beyond these levels may temd to reduce fatigue life,

A limited study of the effect of clamp-up in a Joint has shown that
fatigue l1life can increase significently as a result of clamp-up, This effect
car be accounted for by anelysis if & reasconable estimate of the magnitude amd
distribution cof frictional forces is made,

It 15 recommended that further attention be given to the prediction of
stress distribution in the region of fastener holes in Joints, for the
conditions of cleararce and interference fits. For the interference cases
in particular, extension of the present work to include the effects of
plasticity would .esult in a closer representation of the stresc-strain

“behavior at & hole or nmotch. If the strain amplitude in a fatigue cycle can

be estimated to a reasonsble degree of accuracy, the use of strain-life data
enables & good estimate of fatigue 1life to be mede. The trenmis indicated by
the gualitative analysis wethods employed in the present study are sufficiently
well defined to show the value of a continuing effort in this fleld.
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CHAPTER 2 INEIASTIC ANALYSIS OF PIATES WITHE UNLOADED HOLES

2.1 Intrcduction

The elastic-plastic analysis of plapar structures having stress cone
centrations caueed by unloaded holes 18 cocsidered in this section. To
perform such apalyses two cowputer programs (basad on finite ~lement
methods) are used. The tirst is an elastic aoalysis used to generate
influence coefficients relating the applied loading and plastic strains
to the stresses and displacements throughout the structure, The second
step in the analysis procedure is an incremental plasticity progrem to
follow the load well intc the inelastic range, For this purpose a pre-
viously available computer prograr designated here as the Grumman-Air Force
plasticity progrem was modified and expanded to accommodate the present
computational requirements. This program 1s fully documented in the
yresent report.

2.2 Iuelastic Stress and Deflection Analyeis of Planar Structures

2.2.1 Basic Considerations

The Grumman-Air Force progran which forms the basis of the present
Plasticity analyses is fully documented in Ref, 3. The theoretical back-
ground of the program and the necessary modificstions to provide for an
inelastic deflection analysis capability are gummmi'ized here.

The program uses the "initial strain” method of plastic analysis where
plastic strains are interpreted as initial strains. The baeis of the
method resides in the formulation of the stiffness analysis problem as a
series of linear analyses each of which iavolves representation of a state
of initial strain in the structure. The general formulation for this type
of problem can be written in matrix form:

fo} = (] {F} + (6] [ey) (1)

Here, the o's ere the stress values which characterize the state of stress in
the respective elements of the structure, These may be defined, in & given
elenent, e,g.,at its ceamtroid, or at nodal points of the finite elemert
ideulization, The matrix [I']) relates the etresses [o)} to the applied loading
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{P], on the basis of a conventional elastic matrix displacement analyeis

of the structure. The matrix [G] relates the stresses to the initial
atrains {ci}.

A similar expression to the element stresses can be written for the
generalized nodal displacements since these muet be determined at each
step of the loading ir order that a complete analysis of & structural joint
can be made. Thic equation takes the form:

{8} = [a] (P} + D] {s,} (2)

In this expression the values of the nodal displacements {&] are computed
in an analogous fashion to the stresses at each step in the load increment.
The matrix [A) is the flexibility matrix relating displacements to applied
loads {P}, and the matrix [D] relates nodal displacements to the initial
strains. Both the [A] and [D] martices are determined from an elastic
analysis of the structure together with the matrices {I'] and [G] needed

for the stress analysis, These four matrices then act as inputs to the
plasticity program.

In the present approach, the initisl strains € 4 are taken as the
plastic strains ep at the specified load level. The load is applied
incrementally and the above linear analyses are applied for each increment.
An examingtion of the numerical technigues used to solve such noalinear
problems reveals two possible approaches: (1) a non iterative step-by-step
calculation in which all quantities, including the izitial {plastic) strains,
€,, are incremented and (2) an slternate iterative procedure for any
particular load level. The Ffirst apprcach, which is the mest straight-

forward, is the one used in this anulysis,

Two methods for the non Jterative step-by-step procedure have been
suggested in Ref, L but subsequent evaluation of these methods (Ref. 3)
iudicates that only one of them is free from inherent conputeational
instabilitiee., In this method the stressee in the plate are expressed by
the following modified foram of

o = r1eey + eate, ) (3)
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wiere k is the load increment designation. In a similar fashion the com-
rutations for the displacements cen be made by rewriting Eq. 2 in the form

{b(k)} =[] {P(k)] + tD]{ci(k-l)] (4)

where k is the same lcad increment designation as before., In Eqs, 3 and 4
the stresses and displacements in the kth increment are expressed in terms
of the initial (inelastic) strains from the (k-1)*P increment.

The actual method used for determining the stresses and strains in
the k™ increment 1s the "constant strain” method, which is illustrated
in Fig. 2 for a unlaxial stress-strain case, The method proceeds as follows.
One enters the k™ increment with applied loads {PV*)] and initial strains
{c(k'l)], the latter evamlusted during the precediug increment. The first
operation of the KB increment is to determine an approximation to {c(k)}
from Eq. 3 by direct substitution, Referring to Fig, 2 point 4 1is thus
determined with stress-strain coordinates o(k) and o(k)/E + P kel « 3ince
point A will probably not lie on the stress-atrein curve of the meterial,
the stress at point A is relaxed to o (¥) (while the total strain is held
constant, i.e., "constant strain"), corresponding to point B, which does
lie on tbe stress-strain curve. Foint B, then, defines the final, corrected

»* \
values of stress, o (k’, and initial strain, ei(k), in the k™ cycle, as

indicated in Fig, 2,

2.2.2 lsotropic Elastic-Flastic Analysis

In the general biaxial stress state which is of interest in the analysis
of plenar structures, the notion of an "effective" stress-strain relation-
ship as shown in Fig, 3 is used in conjunction with the Von-Mises yield
criterion and the Prandtl-Reuss flow relations of lncremental plasticity
theory.

The tiaxial analysis employs the eame step-by=step procedure descridbed
above, with modif'ications for btiaxial stress states, It can be summarized
in the following algorithm for the k*° load level:

1. Obtain the stress components at each node using the basgic

Eq. (3) by assuuming the initial straine from the previous
load level, )




2. Using these stresses, calculate an "effective” stress at
each node.

3. Assuming that the effective stress-strain relation for the
material, modified by inciuding the elastic strain, corresponis
to data measured in a simple uniaxial tension test, determin
the "effective” strain corresponding to the effective streas
Calculate the corresponding effective plastic strain and the
increment in effective plastic strain over the previous locaed
level,

4. Using the incremental flow relations, calculate the inelastic
strain increments. The proportionality constant in these
equations 18 the ratio of the effective plastic strain
increment to the effective stress,

At this point in the calcuwlation, tne applied load can be incremented
again and the cycle repeated., The details in implementing each of thnese
four ateps in the algorithm follows:

Step {1) Wnen calculating the stresses on(k) at the node point,
N, for the kth load level using the initial strains from the (k-l)th
load level in Bq, (3), 1t is convenlent to identify the three stress
components (one shear and two normal) at the node point by means of

pubscripts 3N, IM-1, and 3N-2, as rollows:

£ e N
) LK)
. W-2
< C'(lk)Lf = <°§:21 ) (5)
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The stresscs are thus arranged in groups of three components at each node
point N,

Step (2) Ve now calculate the correcponding effective stresses
E.fk for each of the nodes from the Von-Mises expressian:

3
“(x; 2 /
A ) - () (2 8T @

Rote that by definition 31('k) must be positive and is proportionsl to the
octahedral shear stress. This expression together with the stress-strain
data constitutes the strain hardening criterion.

Step (3) Assuming that the effective stress-strein curve (o vs. o
E + ¢) 18 the same as the tensile stress-strain for the mterial of
interest, we use the curve, togetter with the constent strain method, tec
determine the corrected (rela.xed) value of E(k) and the corresponding
effective la.atic strain % k) . The increment in the effective plastic
strain dc? %) sver that of the preceding interval will be either positive
or zero, depending upcen whether plastic loading or elastic unloading is
taking place. Thus

Q
~

k-

RO ,p(k) i ;1;( 1) (7a)
vhen ‘_r;b(!k) 1g greater than anoy previocus ;ii (inelastic strain increasing),
and

L
n = (o)
en _‘;I(Ik) is smaller than a previous :’N

8tep (4) The increments in the ordinary plastic strain components may

nowv be obtailned using a Prandtl-Reuss incrementsal relationship.

Atr—(k)
(x) _ N (x) ,
M?ﬂ_.) aygk) [:‘31,_2 - 1/2 ":(:1;21] (8)
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The total, ordinary plastic strain components are obtained by addition,
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These components together with the new applied loeds P<k 1)

\
in Eq. (3) to obtain c&k+l/1n the next load cycle,

2.2.3 Computer Progran

may bte substituted

The computer program which incorporates the thecry described above 1s explained
in Appendices A through D. Appendix A is essentially a user's manual for the program
and describes the various options available., The logic of the program is given by
means of extensive flow chearts in Appendix B, The complete FORTRAN liating of the
progrem is given in Appendix C. By necessity, the IBM 7094 version of the progrem
provided for the Flight Dynamics Lab 1s small because of core limitations. Never-
theless, with & maximuw number of 3Lk plastic nodes avallable, a modertte size stress
concentration prcblem can still be run. An example of the output of the program is
given in Appendix D which presents the results of a two khole aluminum plete at only
three of the total of 150 load increments used 1in the solution up to a maximum
load of 18,000 1lbvs.
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2.3 Results and Discussion

2.3.1 Finite Flement Idealizations
For the planar structural sonalyses of the present study, the fipite
elcment approach was usea, The analysis techulque, described 1n Section 2.2,
requires an elastic analysie of the structure to be made im order to generate

the four influence imput matrices for the plasticity analysis. The Grumman
COMAP-ASTRA.: structural analysis program was used for this purpose. The detalls
of this program will not be presented in this report but can be foumd 1n Refs.
5 and 6 . Three different fipnite elements, available in the COMAP-ASTRAL
library of elements, were examined and coxpared in the early stages of the study.
These included the constant strain triangular element, the constant strein
quadrilateral element (composed of four constant strain triangles), amd a
linearly varying strein triangle, The comparison of the three elements showed
excellent convergence properties for the linearly varylng straln triangle ard
somewhat slower convergence for the constant strain elements, However, the
qQuadrilateral has a decided advantage over the triangle because more vefinement
in the grid size can be accomplished, for topologlcal reasons, by using the

same number of quadrilaterals as triangles for any particular structure, At the
time when the work of the present effort was performed the COMAY-ASTRAL program
did not have a matrix stacking procedure for the induced strain metrices and
therefore considerably more data handling would have been necessary in using

the linearly varying strain trianguler element. For this reascr, the constant strain
quadrilateral element was used i1n all the perametric studies of this chapter.

In the case of the constant strajn elements the induced strain matrix reduces

to a straight-forward matrix maltiplicaticon and is easily accomplished in

COMAP, which 1s basically a matrix manipulaticon package.

2.3.2 Rectangular Plates

The mathematical model used to study the effective width of a plate
which is part of e structural Joint, as well as the effect of fastener spacing,
is shown in Fig. 4 . Dure to symwetry, only & quadrant of the plate shown
need be analyzed, Note that the grid chosen has e greater refinement near the
reglion of high straiu gradient, which for this type problem is perpeniicular to
the direction of thc load, The tuuber of elemeuts used in this idealization
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was 54, This is close tu the maximum of 60 allowed for the IBM-360 version
of the plasticity program used, in which all computations are doune in core.
Tatle 1 end Fig, 4 give the geometric properties of the six plate problems ]
analygzed in this series, A graphical option in the input data, vhen using the
Grumman structural analysie program COMAP-ASTRAL, permits the use of a graphical
check to the input. Using this option to check the geometry and member data,
plots of the six plates were made by means of an Orthomat drafting machine ae

shown in Figs. 5 amd 6 . All the plates were assumed to be of 2024-Th §
alumioum alloy having the stress-strain curve shown ino Fig. 7T . %

The output of the plasticity program iancludes all the nodal dis- E
placements and all the element ceatroldal stresses (when using constant strain %
elements) or nodal stresses (when using the linearly varylng strain trianguler E

3

element) at all increments of loading. From these results both the load-
deflection characteristics and stress concentration factors of the structure can
be computed. For purposes of i1llustration of the anslytical results, the net
section tangential stress distributions at various load levels are shown in

Fig. B8 for plate problem P 1,1. The mean net sectlop stress is also indicated
in Fig. 8 at eacn level of load. The effects of plasticity are such that a
leveling in the peak stresees at the hole bouildary occurs as the load increases.
The stress concentration factor, which is the maximum stress divided by the net
section stress, decrease¢s with load ar shown in Fig.

9 . Note also from this
figure that the theoretical stress concentration factor 1s underestimated by

about 20% using this perticulsr idealigation.
The load-deflacticn charact
shown in Fig. 10a. At any level in the loading the tangept to the load-
deflection curve indicates the stiffnees, k, of the structure. This has been
plotted vs. applied load in Fig. 10b and shows a coneiderable drop in stiffpess

at a load level above T kips. Data such as the adbove can be readily used in the

multi fastepner Joint analyses described in Refs. 1 anmd 2 which require the
spring rates of the plate between fasteners as an input.

One of the objectives of the present study was the analytic determina-
tion of the"effective width" of a strap in tension pierced by several holes,
The load-~deflection curve obtained by finite element amslysaie 45 uged to delermine
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the elastic eoring constant, ke’ shown 1n Fig. 11 Tor the three plates with

an S/W ratio of 2. Fig. 12 shows eimilav load-deflection results for three
plates with an §/W ratio of 1. An "effective width" can be computed using the
relaticns: AeE

) . N

] S

and Ae=(W~De)t~wet

o

where, is the "effective" cross sectional area

is the Yocung's modulus

is the spacing of the holes or pitch
is the distance between fastener lincs
is the "effective diameter"

9 o2 »n @

18 the "effective width"

(B::CD

aad t 1s the plate thickness

Using the values of ke obtained from Figs. 11 and 12 , values of the
"effective width” were comwputed. The results are shown in Fig. 13 for the
8ix plates analyzed. It should be nmoted from Fig. 13 that as the fastener
spacing to diameter ratio (S/D) decreeses, the "effective widrh" decreases
rapidly. At the "stanmdard” spacing of LD for example, the wvalue of the
"effective w1dth" 1s between 75 anmd 90 percent of the original width for the
two S/W ratics shown. The corrsspomiing valuc of D, fur au 3/D of & is 0,380
for 8/W = 1 and 0,6QD tor S/W = 2., This appears much lower thaa the 0.8
recommended by McCombs et. al. (Ref. 1 ) as a semi-empirical velue.

2.3.3 Plates Tspered in Width

JUMMMMM‘

A series of four tapered plate enalyses were performed in order 1o
study the effect of taper in width on the stiffness characteristics of the
plate. A summary of the geometric properties of the plates is givea in Table 2,
The idealization used on this symmetric structure is shown in rig. 1k using
constant stress quadrilateral elements., Orthomat drawings of the four problems

were made to check the geometry and meaber data ippul. These are shown in

s

Figs. 15 to 33 . The four tapered plates are assumed to be made of 2024-Th
aluminum allsy end have the stress strain behuvior shown in Filg. 7. No
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vielding is assumed below a streess level of 40,000 psi. The stress distridbution

across the two net sections of plate P 3.1A, as a function of applied load, is
shown in Fig. 19 where the mean net secliion siress ls also imdicated. In
Fig. 20 the variation of the strees councentration factor with increasing
applied load is shown. The same decreasing effect with increasing load
mentioned 1in comnection with piate P 1.1 (Fig. 9 ) is obtained in this case
also. The load-deflection ctaracteristics of the four plates arc summarized
in Fig. 21 . The effect cof decreasing taper and the resulting decrease 1in
net-sectlon area shows & substantial reduction in the elastic modulus, ke, as

the taper is decreased from 1:i (P 3.1B) to 1:26 (P 3.3B) the x, drops from

L32,000 1b/in to 343,000 1b/in, Plate P 3.3B has & relatively low carrying
capacity compared to the other three. An examination of the development of
yield zones with incre.sing load as shown in Fig., 21 will explain this
behavior. At s load level of 5,200 1b, the ylelded elements have transversed
the whole net section of the edge holes with the resulting reduction in
stiffness. The strain hardening modulus of 2024L-T4 aluminum alloy is taken
to be 360,000 psi (Fig. 7 ), which is approximately 30 tines smaller than the

elastic modulus. FKence, when the net section elements have ylelded, the overall

stiffness values will be very lowv cowpared to the elastic range stiffunesses.
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CHAPTER 3 PIATES WITH LOADFD HOLES

3.1 Nonlinear Coutect Problem - Ela-xtic Analysis
3.1 1 Introduction
In & typical mlti-fastener joint under load the stress dis-~

tribution around a particular hole is very camplex and depends on a variety of
gcometric, material and manufacturing parareters. This chupter treata the
problem of plates loaded by fasteners heving either initial clearance or in-
terference. A basic aseumption in the analyses to be presented is thet the
stress distribution across the plate thickness is constant. Thie restraint
will be relaxed in Chapter 4 which snalyzes the three dimensional effects
caueing 8 non-uniform distribution across the plate thickness.
The load transfer from one plate of a Joint to another through
e fasterer creates a nonlir-ar contact problem. The reason is that as the load
in the Joint changes the srea of contact between the plate and the fastener
changes and hence there is gradual load redistribution. The emount of redis-
tributior is & function of the load levei and the initial amount of cleareance
or interference between the fastener and the hole. Frictional effects also
play an important role on the area of contact but for the present analyels these :
are assumed negligible so that the load dir- =tlon at eny point on the coatact ;
surface is always assumed to be radial ip direction. OCnly radial coapressive 3
lcads are permitted in the analysis.
3.1.2 Analytical Model
The mathemeticel model chosen in order to atudy the loeel
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effects of the load transfer and by-pass loed around & single fastener iz shown

in Fig. 23 This analysis assumes that a region around the fastener cen be :
{solated from the reet of the Joint (Fig, 23a) in which the stresses influenced 4
rrimerily by the fastener are localized. Another assumption is8 that the plate

gtrurture is symmetric and is loaded symmetrically es shown in Fig, 23b. The
Froblem i3 cre where on e specified number of contact points uround the periphery
of the hole the redundant radial reactions mst be determined for a given load
level end a particular initial fit conditvion,

Using the notation shown in I'ig. 23b an expressioa cen be
written for the relative rudiul displacements between the plate and the rigid
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fastener. This expression takes the form:

{a.} = [a] {P} + [p ] {£3 +{D,} + {Dy] (20)

where,

{Ar] are the relative éisplacements or "gaps”" that exist between
the plate and the fastener,

{A) 1s the flexibility maetrix for unit radial loed,
. {P} are the redundant radial losdswhich exist on the contact surface,

[DIJ are the relative radial dizplacements that exist ir the statically

determinate structure (PIE 0) for various lcading conditiouns, {£},

{£1  1oad levels or loading conditions,

{DA] set of relative radial displacements caused by initisl
~learance or interference between the fastener and the plate hole,
{DB] reletive radial displacements in the statically determinate
structure caused by the applied by-pass losad, ?',

The condition for chiaining the redundants P is to set the relative radial displace-
ments to zero.

{0} = [a] {p} + D] {8} + {D,} + (D) (11)
S 1 S TP JE P . :
Thus, 7} = -{a] l'!L-‘L.‘ {£1 + (p,t o+ {DBf; (12)

If any of the P's are positive (tensile) these are put to zero. By a trial
and error procedure the redundante are computed such that ali ere cowpressive
and the computad relative radial displacemente create a cowpatible deflected
condition between the plate and the fastener. fThe details of the various steps

used to generate the matrices needed for solving the contact problem are given
in Appendix I,

3.1.3 Computer Progrem

The lterative solution of Equation 12 is accomplished ty means
of the monlinear contact program documented in Appendices E through H., Appendix E
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explains the use of the program. Extensive flow charts of the pregram are pro-
vided in Appendix F and the FORTRAN listing is given in Appendix G, A sample
problem ocutput is shown in Appendix H for illustrating the form of the outnut,
The case run ie the aluminum plate Problem P 2.3 with Fit condition C2 which is
equivalsnt to a% of 0.4 percent., The initial lack of fit indiceted in the

yrogram refers to the percentage based on the radius of the hole, not the diameter.
Once the components of the radial loads are obtained as i11lustrated in Appendix H
for each load@ level, these are then applied to the plate structure to determine

the elastic stress and displacement distribution throughoute

3.1.4 Effect of load Isvel and Fit on the Elastic Stregs Distribution

(1) Aluminum Plates

Using the anslysis techaniques described in Section 3.3.1 and
Appendix I four Aluminum jointe loaded by means of a single rigid fastener
wvere studied. The geometric properties of these are given in Table 3.
Orthomat drawings, used as a means of checking the input, were made and are
shown in Figs, 24 and 25. Problem P 2.1 has the same ge=omeiry as the
double shear single fastener joints used in the test program and described
fully in Chapter 7. Results of the analysis to be presented in this section
coupled with the three dimensional effects caused by fastener bending and
ghear given in Chapter 4 will be used as a comperison of the present analysis
with the experimentally determined load deflection curve.

The effects of load level and initial fit orn the lcad distribution
al the contact surface beiween the fastener and the plate are illustrated in
Figs, =5 to 28 for plate P 2.1. In these figures the loads on the rigid
fa:stener ere drawn vectorially to scale for three different load levels:

500 1b,, 2000 1lb. and 8000 1b, applied load. It should be noted that the
Joads acting on tne plate stiructure ere equal and opposite to those shown in
these figures, For the initial lack-of-fit cases it can be seen that as the
load increases the faatemer deforms into the plate with the consequence that
more snd more pointe around the perighery come Into contact. The effert of
interference fit on the load distribution is to create a pre-compression on the
fastener or a pre-tension or hoop stresses around the perivhery of the hole,

As the load of the fastener is increased the initial load distribution changes
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and for the smaller values of interference ( Ag = 0,004 and 0.02) the applied
load is enough to pull the fastener away from the top of the hole (Fig, 28).
The variation of the maximum tangential stresses at the net
section at different load levels is illustrated in Figs. 29 to 31 . Fig. 29
gives the maximumr tangential stress distribution for a clearance of % = 0,004

of rlate P 2,1 and Fig. 30 gives the distribution for a clearance of % = 0,02,

The variationof tangential stress at a section g = 81° for four different
interference fits is 1llustrated in Fig. 31 . These results although obtained
from an elastic apalysis can 3till be very useful for generating stress
conzentration factors needed in a fatigue analysis, The application of these
results to fatigue analysis of typlcal Jjoints is illustrated in Chapter 5.

The stress concentration factors vary with amount of cliearance and level of

load as illustrated in Figs. 32 to 34 for problem P 1.1 to P 1.3 respectively.
Note frow these figures that the clearance incremses the stress concentration
factor substantially and heuce it may be anticipated that the fatigue life of

the Joint will consequently be decreased .

In the case of interference fit fasterers the stress concentration factor,
as defined in this study (maximum stress divided by net section stress), must be
modified. At zero applied load a substantial tensile tagentisml stress can

exist at the edge of the hole depending on the magnitude of the interference
anrd the position around the hcle, The method of defining stress concentration

factors for lnterference fit fastener was to use the net section stress, cne‘,

a8 follows:

®net ~ % " Cappl, (13)
vhere,
% = mean net section stress at zero applied lead
oappl.'-' mear ret sectlon strese correspouding to the
epplied load
Using this approach the modified stress concantration fsrior for
plate P 2,3 with an interference fit 9% = (1,004 wee computed at six different

cross sections amd plotted Vs. Ilncreasing applled net section giress ip




Fig. 39. The results of Fig., 35 indicate that for a net sectlon stress below
éf ksi the critical section is at 9° to the direction of load. As the load
increases, however, the critical section rotates by 90°. This phepomenon can
be explained by the fact that at a net section stress above 25 ksl the fasteper
has completely overcome the radial clamping effect of interference and is
begiuning to pull from the top of the hole. This has also been observed ex-
perimentally in Ref. T . o

For the same plate & ten times larger interference (-5 = 0.04)
indicates similar trends but at much higher net section stresses as shown in
Fig, 36. A plot of maximim modified stress concentration factor vs. applied
net section stress is shuwn in Fig. 37 for the same plate with three different

interference fits,

Another impertant aspuct of the plate with a single loaded fastener
analysis is the use of the plate "spring constant” as imput to the study of three
dimensional effects (Chapter k)., The load-deflection curves of two of the
seluminum Joints are shown in Figs. 38 and 30 for all the differentinitial fit
conditions indicated.

(2) Titanium Plat:s

The problem of a two fastener titarnium Joint in double
shear was also analyzed using the contact problem program. The dimensions of
the outer plates of the Joint are shown in Fig. Lo together with the finite
element model used in the analysis. Results of tha effect of different
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clearances on the stress concentration factor are presented in Fig. Ll

with increasging net section stress, The effect of load on the strees cone
centration factor with increasing loed is not as large as in the case of the
aluminum joints (Fige. 32 to 3% ) which had & different geometry, The
results of Fig. 41 were used in Chapter 5 to compare the analytical fatigue

life predictions with actual spectrum test results, The cowmparison of these is

shown in Fig. 61 eand the experimental work per<eining to the titanium joint
is descritad im Section T.2.2.
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3.2 Elastic and Plastic Interference Stresses in Plates With Squeeze Rlvets

3.2.1 Introduction

In order to jncrease the fatigue iife of joints, a variety of tech-
niques have been proposed including the use of interference fit fastenars.
Several ~ommercial fasteners using this techrique have now become available.
Tre difficulty in using some of these fasteners, however, 1s the need for
special drills and tools for their instellation.,

A cheaper alternative is to squeeze a relatively scft rivet into the
Joint hole under & large enough force to obtain appreciasble plastic flow in
the rivet with enocugh radially outward bulging of the rivet to produce yleld-
ing in a substantial region of the plate surrounding the hole.

When the squeeze force is released, the rivet and plate spring back,
with the radial spring-back of the plate tending to exceed that of the rivet
at the hole boundary. The result is to create an interference fit between the
rivet and the plate and a state of »mesidual stresses in the plate which some
test results indicate gives & beneficial effect on thne fatigue life of the
joint.

This study was undertaken in orde:- to study the effect of material
selection and squeeze force on the resulting residual stresses around the rivet
hole.

3.2,2 Method of Analysis

As & first step in the solution procedure, a plastic analysis of the
plate, into whick the rivet is squeezed, is performed. The specific analyses
in this section were made using a finite element plasticity progren developed
for the government by Grumman and presented in Refs. 8 eand 9 . Basically
the initial strain approach used in the inelastic stress and deflection anal-
yuls programr described in Chapter 2 is used in this program also. However,
the prozram hes additional capabiiities in being able to handle complete stress
reversal into the plastic range (not merely elastic unloading). In addition it
can account for the Bauschinger effect,which in the case of uniaxial stress is
characterized by a reduction in compressive yield strzss due to prior ylelding
in t2nsion and vice verss,and is thus significant for unloading and reversed
loading situations.
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Tne idealization in the analysis iz shown in Fig. 42 . The axi-
eymmetric model, repregsenting one quurter of the structure is composed of 1Lk
Planar triangular elements in which stress and strain vary linearly,

The rivet is assumed to be a cylindrical structure which fits neatly
into the plate hole prior to squeezing under high pressure. During squeezing
it is mssumed to undergo plastic deformations based on the deformation theory
of plasticity. In Ref. 10 both incremental and deformation plasticity theories
were used to study a shear lag protlem in which the answers obtained by the two
theories agreed very well, The rivet andi plate structures are coupled by means of
a8 semi-graphical technique described fully in Ref, 11, Easically the method
combines the stress strain behavior of the two structures at the point of con-

tact to ¢btain a compatible soluticn during meximum squeezing or subseguent
uniocading.

3.2.3 Results of Analysis and Discussion

(1) Aluminum Plate with Alumirum Rivet

An elasto-plastic analyels was made of & 3/8 in. thick aluminum
plate made from 2024-T351 slloy. A 3/8 1n. diameter rivet of the same
material wss sque=zed with a 20 kip force. The objective of this
study is to determine the residual stress distribution in the plate

when the squeeze force is removed.

The finite element soiution for the idealization shown in
Fig. 42 is presented in Fig. U3 together with the sclutions of
the coupled structure (plate and rivet). Fig. 43 shows the vari-
ation in the circumferential stress, 0g> at the hole boundary with
increasing applied radial stress, Tpr at the hole boundary during
loadirg and subseguent unlcading from several values of oL The
corresponding positions of the yield boundary for each of these
radial stresses is shown in Fig. hLbk.

It is seen Trom Tig, 43 that ylelding occurs vwhen the radial
stress exceeds 23,000 psi. As the rafial stress increases beyornd
23,000 psi the circumferential strees first shovs & relatively small
increase amd then begins to decrease. If the applied radial stress
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is then reduced, the plate first unloads elastically, along lines
parallel to the original elastic loading. Fig. 43 shows the
straight line elactic reducticn in circumferential stress. As the
unloading wroceeds, the initially tensile circumferential stresses
change rign and become compressive. Further unloading can ceuse
these circumferential compressive stresses to become large enough
to result in ylelding opposite to that which occurred during loading.
The effect of ylelding during loading on yielding in the opposite
direction during unloading is accounted for by assuming an ideal
Bauschinger effect., Still further unloading causes asdditicnal
vielding, with a conseguent reduction in the magnitude of the cir-
cumferential stress at the hole boundary as shown in Fig. 43 .

A plot of the variation of c¢ircumferential stress with distance
fraom hole edge is shown in Fig. 45 for the peak squeeze force cone
dition (or = 53,2 ksi) and two levels of unloading. The curve for
. = «38.5 ksi 1c the solution taking into account the plate-rivet
interference., The curve for complete unloading to o, = 0 end the

rivet removed, including the Buuschinger effect, is also shown,

(2) Titanium Plate with Steel Rivet

Residual stresses were evaluated for thie case of an annealed
titanium plate (Ti~6 A1-6V-25n) into which & 3/8 in, 4286 steel rivet
was squeezed with a 66 kip force. The plate has the same configur-
ation as the aluminum plete in the previous problem. The variastion
of the circumferential stress at the edge of the hole witu increas-
ing radial stress and subsequent unloading from 3 levels of radial
stress is shown in Fig. 46 . The yield surface boundary for these
same levels of radial stress is shown in Fig. L7 .

The relationship between spplied squeeze force and the residual
circunferential and radial stresses at the hole boundary is shown in
Fig. 48 (a) and (b) respectively. Two curves are shown in each
case to account for the fact that the applied squeeze force is not
known exactly since all the force is not transmitted to the shank of
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the rivet, 1In the present analysis it 1s assumed that the axial
stress in the rivet shank is somewhere between one-half to two=-
thirds of the nominal equeeze stress, P/A., Thic assumption appears
to be reasonable in the case of protruding head rivets,

In Fig. L9 the computed interference fit, AD, (the change in
the rivet dismeter) is shown as a function of the squeeze force for
the same two assumed values of tt e s.'al rivet shank stress used in
Fig. 48 . Since the interference uas a direct relation to the bene-
ficial effects gained in improving fatigue life, a plot such as
Fig. U9 can be extremely useful. From it, the necessary squeeze
force to obtain a given interference can be read directly.

The computed interference for the titanium plate shown in
Fig. 149 1is compared to scme experimental results obtained f'rom
the Grumman Corporate Titanium Program. The experimental values
were obtained by measuring the diameter of thne rivet before squeez-
ing and after the load is removed, To get the final change in dia-
meter, the riveis were cut free of the plate and measured at vari-
ous locetions along their shank. These experimental results cannot
be compared directly to the computed curves of Fig. 49 because they
were Oblalned using countersunk rivets that were squeezed into a
Ti-6A1-4V annealed plate. Nevertheless, they do indicate a trend
similar to that of the analytical results.

3.2.4 Conclusions

The nuture of the plate circumferential residual stresses caused by
squeeze rivets can change depending on the magnitude cf the squeeze force and
the type of rivet material used. Interference f.t fasteners, however, gener-
ally create tensile tuangential residual stresses by expanding the hole into
which they are aspplied.

The results shown in Fig. 48 for the - itanium plate problem can be
very useful in controlling the squeezing force dur‘ng manufacture. For the

particular materials and geometric properties chosm, Fig., L8 gives the range
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of expected circumferential and radial residual stresses in the plate at the

hole boundary. These stresses can be used in predicting the fatigue life of
the jeint.

From Fig. 49 41t is seen that the method of analysis can be a val-
vable aid in predicting the amount of interference to be expected. By corre-
lating the Interference to the jolnt fatigue life througn testing, the results
of Fig. 49 could be used to indicete appropriate values of sgueeze force
needed to achieve the desired interference fit.

It is concluded from this study tnat the squeezing technique can be
useful in increasing the fatigue life of Joints and further correlations with
fatigue tests should be made, Of particular interest would be a test program
using rrotruding head rivetes to measure the interference fit caused by differ-
ent values of the squeeze force. The protruding head rivet with & cylindrical
shank of constent crcsse-section corresponds closer to the three dimensional
nodel used in the present analisis. Attempts to evaluate the actual rivet
shank stress during the driving operation ghould alsc be made.
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CHAPFTER 4, THREE DIMENSIONAL EFFECTS CAUSED BY FASTENFR BINDING AND SHEAR -
( LINRAR ANALYSIS)

4,1 General

Because of the extreme complexity of the general nonlinear three
dimensional mechanical fastener problem, the preceding analyses were
directed towards obtaining stirictly planar solutions. These nlanar
solutions might be considered applicable tc the plates in a symmetrical
double-shear joint, in which the nominal stress is uniforam through the
plate thickness. Tne planar solutions might also be assumed %5 apply to
individual thin layers in single-shear joints (in which the nominal stress
varies linearly through the plate thickness) provided that the layers are

chosen sufficlently thin to put each individual layer in & planar stress
condition.

In obtaining the planar solutions the effecis of faetener shear and
bending deformation and fastener rotation were assumed secondary while

the fastener was taken as both rigid and cylindcrical., In addition many

other effects such ag fastener head chape,countersink, clamp-up force, and
contact friction were also neglected. In this section, the Influerce of
fasvener defermation on stress distribution thrcugh the plate thickness

apnd overall Joint load deflection characteristics are estimated by means

of an engineering-tyve approvimaticn, 1In thig trestment, the fastener 1s

assumed to act as & Bhort beam with either shear or bending defcrmations
present, but not both existing simuitaneously,

The fastener-plate interaction is idealized as a beam restinz on a
continuous set of mtually uncoupled eprings such that the bearing forces per
unit of axisl leagth are directly proportiomal to the fastener's transverse,
centerline displacements. The assumption that the springs are not coupled

18 equivalent to essuming that the plate's tranaverse shear stiffness may
be neglected, and different layers in the plate slide past each other freely.

Sclutions for the losd distribuidon of a fastener in both single and
douvle shear are cbiained “or the linear epring rates obtained in Chapier 3.
A more detailed nonlinear analysis of the curreat beam-on-elastic~foundsation

idealization is presented in Appendix J. This more detailed analysis outlines how

ore mway include combined sh2ar and bending effects simultanesusly, both nonlinear
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And nonuniform epring ratez, as well as nonuniform beam effecte (such as

those arising from tapered shanks or counlersunk headc),

Numerical recults are presented for the simplified linewr beam bending
and shear thecries with clamped anc free coniitions at the fast=ner heeds.
The ratio of maximum bearing estress to nominal bearing stress through the
sheet thickness is plotted as & function of fastener-diameter to sheet-
thickness ratio for several joint configurations. In additio.s, experimentally
determined joint load-deflection curve data are compared with the analytical
predictions based upon the method of this chapter,

L,2 Structural Ideslization

For many engineering applica.:ous, the provlem cf a beaw in‘eracting
with an clastic medium can be treeted by adopting the Winkler hypothesis
wiich states that the local trensverce beam olsplacement ie directly propor-
tional to the local load inteneity per univ of length, The loade and displace-
ments are rela J through the "foundation modulus”, k. Tie classical treaitment
of the problem, ir which ouly beam bending effects are included, 1ic dls~ussed
in many texts (e.g. Refs, 12 and 13). In &8 more in-deptn treatment of this
sublect, Hetenyi, R.i', 14, demonstrates thet 1ts appiicadbility to foundations
with sheear continulty, such ac the pnlates comprilsliag our jointe, 1s greatcr
with increasing “5':eten:r)/k 8tiffuess ratio and that it yields results which

aere closer to the more accurate three dlmensionul case (i.e, baam on a three-
¢imensional half-space) tian does e tvo-dimeneional {i.e., beam on & two-
diwenslon-1 half-erace) elasticity solution.

Timguhienke, Ref. 12, distinguishes among three groups of beams which include
bending effects oriy: "short" (B4<0.6), "medium" (0.6<B1<5.0;, and "long"
(B£>5.0)vwhere £ 15 the teaxr length ard
B e i

bean
Yor sho~t beums, which correspond to tan present 1deallzation of the
fastensr, Timosheuko clalms that bending can Le ecstirely ignored end that
the berg can te considered as sbsclutely ~igld in cowparigon with tac

foumn ation. However, it 1s well knevn that shear cffects are g2n2rally more
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important than berding effects for short beams and so a higher order beam
theory* should be considered for such applications. Crandall, Ref. 15,
Essenburg, Ref. 1.6, and Hess, Ref, 17, have treated various more accurate
beam theories in conjunction with a Winkler foundation., Their results

show that for softer foundations, E/k > 1 (which corresponds to the fastener
problem), gshear effects in the beam decrease in importance and the behavior
of the beam approaches that predicted by elementary beam theory.

The present section attempts to estimate some of the higher order
effects associated with fastener flexibility. To achieve this, two simplified
beam theories which separate the bemding and shear effects in the fastener,
are used. In concluding these preliminary remarks, we note that the
remarkably‘wide range of practicability of the elementary beam formulas
stems from the fact that these formulas provide excellent approximations to
the elasticity solutions in a large number of problems, Ref, 18.

.3 Beam Equations

The most elementary and useful beam idealization which includes the
effects of both bending and shear is called the Timoshenko beam ,Ref. 19.1In a
manner similar to that used in clementary beam theory, this theory assumes
plane sections before loading remain plane after loading. However, unlike
simple bending theory, the normal to the beam center line, at any given section,
before ivading , will differ f'rom the normal to the deflected center-line,
after loeding,by a shearing angle,B, caused by the local shear, Q. The
relationship is expressed by

(14)

where G is the material's shear modulus and A is the beam cross-sectional area.

The various technical beam theories are engineering approximations to the
mathematically precise theory of linear elasticity. The technical theories

which include shear-deflection,excluded in elementary beam theory, are
generally referred to as "higher-order” beam theories.

*
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The parvameter A 1is dependent on the geometry of the beam cross-section
and relates B to the nominal average shearing emgle of the cross-section.
For circular cross-section beams, Cowper, Ref. 20, gives

. 6(1+ V)
S (15)

where v 1s Poisson's ratio for the team material,.

The linear eguilibring equations fcr a beam element, regardliess of
which bean theory is used, (reference Figure 50a)

+ Q=0 (16)

gls  elg

+q=0 (x7)

where M 18 the internal moment, q is the external loading per unit of
length, and x is the axial coordinate. For a Winkler fourdation with spring
wodulus k we have

Qe <Ky (18)

where y is the transverse deflectlon relative to a rigid portior of the
fourdation. The usual linear beam hypotheels of plane section behavier
yields

M a
1 ° Exg {19)
vhere ¥/ 45 the rovat. 4 normal to the beam center line caused by
loading (reterexce Figure 50b), If B vere zero, ¥ amd dy would colncide,
ax

Hence, frow purely kKinemullc cchuideratious

o A g (20)




Combination of Eqe, {14 )} through (20 ) yieids the appropriate Timoshenko beam
equations for interaction of a circulsr cross-section team with & Winkler
foundation. It should be noted that up to this point no essumptions &s to
property variation along the beam have been made, Theretore, to further

simplify thc problem, the assumption is made that EI, k and GA are indepen-
dent of x (the more general case is discussed ip Appendix J), The resulting

equation i8¢

L 2

d' k d _}1
e S X =0 (21
¥ TR [ 2VE )

Two elmplified cases, the first corresponding to the classical bear theory
in vhich shear effects are ignored, and the secomd corresponding to pure
shear throry in vhich bending effects ure igoored, are conaidered below,

4,3,1 Classice) Beam Bending Theory: Ignoring shear deformmtions (i.e, 8 = 0)
is equivalent to setting the shear flexibility (A GA)-l, to zero io Eq. (k).
Once this 1s done, the classicial beam on elastic foumdation equations result:

d
Ve S (22e)
M = EI =% (22b)

dx
L

d k
. t = ¥y =0 (e2¢)

ax EI

The general solution to Eg. (22c) takes the formw
y = cosh Bx (A cos Px + B sin Px) +

{00d)

sinh Ex (C cos Bx + D sin Bx)
where the values of A, B, C and D are determined by bounmdary conditions on
the beam and the solution for ¢ may be ohtained by differentiation of the
golutiion as imdiceted by Eq. (22a).




L,3.2 Shear Beam Theory:

In &8 manner similar to that used in eliminating
ghear effects , bean bending deflection may be eliminated by setting the
bending flexibility, (e1)"Y, to zero. Eq. (19) gives:

aw = 0 (23a)
dx

Differentiating Egs. (14) and {(20) , and surstituting into Eqs. (17) and
(18) gives:

K (23v)
g’—%_——yso
MGA

The general solution to Eq. (23b) 1e

y = E sinh 9x + F cosh 4x
(23e)
where Yy = NE:A
E and F may be determined by again satisfylng the boundery conditions.
The solution for W is readily obtained by integration of Egs, (16) and (23a)
betveen limits x, and x,, and substitution of Egs. (14) smd {(20) to yleld:

and

M- H, = M6 ((x, =) -y, +v;) (234)

where, M1=M(x.—_x1), y1=y(x=x1), i=1,2

Particular solutions of the bear bending amd shearing cases are
glven in the following subsections.




L, L Fastener in Single Shear
L 4,1 Festener with Negligible Head Stiffness

To demcnstrate typical results from application of the abtove idealiza-
tion to a fastener in single shear for an anti-symmetrical structural Jjoint
*
(see Figure 51(a) , sevcral cases are investigated below,

(1) Bending Theory: The boundary comiitions associated with Egs. (21) are

Q(o):PO, M (0} =0, Q(t) =0, M (t)=o0.

The resultant bearing load distribution on the plate (amd fastener) is

%E s 8inh Pt cos Bx cosh B (t - x) - sin Bt cosh Px cos B (t - x) (oL)
(o}

sinh® Bt - sin° Bt

§2! Shear Theory: Applylng the same boundary cooditions as for the bend-
ing theory tc £gs. (23) yilelds

k + sinh t-%)- cosh t-X
(25)

- - SE = —yt
P/t Fy ¥t sinh 9yt + 2(1l-cosh ¢

(3) Rigid Fastener: Fo. & rigid beam, force and mwoment equilibrium

consideretions yield

'p&E - %‘i - 2(2-3 ) (26)
0 0

Tt should be noted that both Ege. (24) and (25) can be shown to approsch
(2€) in the limit as tne fastener becomes essentially rigid compared

L L e N R T L R

* Note, that althnugh the springs in Figure 51 are pictured as compression
springs acting at the bearing surface of the fast ler, the spring constant
1s actually dependent upon the overall elastic properties of the plate i
a complex state of stress involving both tension end cowpression.
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to the foundstion. This result may be achieved through coneideration of
the series-expansions of the cosh and 8inh funetions, letting ¥ and ]
approach 2ero, and performing appropriate limiting processecs,

Numerical results, corresponding to Eqs. (24) through (26) , for
a tyvical set of parasmeters are presented in Table 4,

As can be seen from Table 4, for the realistic parameters employed,
the fastener performs in an essentially rigid manner and, both shear and
bending effects, acting separately, cause only & slight perturbation upon
this behavior. However, shear flexibility is the mcre importaat factor of the
two since its effects are an order of magnitude greater than those due to
berding for the parameters used in Table 4, Therefore, in the subsequent
solution for the clamped head fastener in single shear, below, principal
at{tention will be given to the solution of the shear beam theory, since it is
anticipated that bending effects are negligible.

L.4,2 Fasteper With Clagped Head

It should be noted that the assumed highly-flexible-heed performance of the
previous configuration permits an overall cocking action of the festener

relative to tke yplate, provided the plate has negligible transverse shear
stiffness (es was initially assuwed). However, if the fastenmer has stiff
head-attachments which temd to clemp the plete locally, then the faatener is
prevented From iotating at the ends relgtive to the plate. Thus, the limiting
case becomes ¥ = O at the ends of the fastener., 1In addition, the head is
assumed to exert no net shear apon the fastener, Under “hese conditions,

the resultant bearing load distribution on the plate and fastener using shear
beam theory 1s:

k qt cosh W t-x
- = = 2
F7t " p, =" Teimh (27)

and the corresponding rigid fastener solution ie qt/PO = 1, Results mre

presented in Teble 2 for the same typical paramters as were used in
Tuble 4 .
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L.,5 Festener in Double Shear
The idesalization considered for the fastener in double shear
(Reference Figure 52) is to divide the top half of the fastener into two

shorter beams jJoined by arpropriste compatibility coniitions. For the
symmetrical case, the shear beam theory ylelds ¥ a& consitant (from Eq,

(19). Therefore, for the symmetrical case, ¥ = 0 regardless of head effects.

The eolution for this case is obtained through solution of Egs. (23)
together with the boundary conditions:

tl tl
Q(0)=0,q (5-)='P0/2,Q(-2— + 2) = 0,

qby aosh ¥ X t

ot

1
and is given as —_— = y. t 0 s X < —
Py 171 einh(yltl) 2 (28a)
2
t
1
q(2t2) ) R cosh y\=5 + t, - x) 5. Y
= - -k -
P, 2 sioh ¥, t, RSx4+, {28b)
T
whersa = —::‘; = g
= n WA * Y2 _J)CA
The corresponding bending solution with free and clamped heads is
obtained from the gereral solutions %
- - —_— - —1
y = Cy cos8 X coshﬂlz +C, sinle sinhslx Csxcs< 5 (29a)
and - _
Y = cosb,x (C3 cosh B,x + C, sinh X ) + sio BoX ((‘5 cosh B, X +
Cg sinh eax) t) t
5= SX52—+ tE (29b)

Y
where x =3 + i -x;

(9]
W




— o

4l

\11

prwen

PV TV

The constants Cl and C_. Bay be deterwined through the bourndary

conditions

2

Po(t1+t?_) CIGTORE A
MO) s ———g— e Sy

The constants C3 thrcugh C6 may be determined by the boundary

conditions G =0) = C, and M(F=0) = O (for a very flexible fastener) or
WX=0)=C (for & rigic¢ly clamped fastener head), and compatibility conmditions
on Q@ and ¥ at x=tl.

2

Typical numerical results using Eqs. (28) and (29) are presented in
Table 6. Tt should be noted that although the shear theory produces

i sttt

greater fastener flexibility effects, the difference from the bending
theory results are far less pronounced than was the case for the fastener
in single shear. This indicates that fastener bending 1s as important a
factor as shear is for such coufigurations.

L.6 Parametric Study: ]

The ratlo of peak bearing stress for a flexible fastener versus peak

bearing stress for a rigld fasteper me- be employed as a stress concentration

.

factcr to account for veriations in ».:ring load through the plate thickness.
A seriles of bearing stress ratic curv.; as functions of fastener diameter to
plate thickness ratio are presented in Figures 53 and 54 . Results for two i
valuee of E/k, which repreeent approximate practical limits for this parameter,
are presented. As can be expected, the stiffer fastener to plate ratios ({.e.
higher E/k) and larger D/t ratlos yield resuits which approach those for «
rigid fastener.

It should bes noted that the bearing stress in each plate laemina it a

measurc of the tvwo dimensional stress state level in the lamine, ac given in
Chapters 2 and 3. ‘Thus, the béa.ring stress ratios preseanted in Figures S3
ard 54 may be viewed as stress concentretion factors, caused by Tastener
flexitility, over and above the plate stress concentrations resulting fromr the

purely wo dimensional plate-fastener considerations of Chapter 3.

Lo Dbl
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4,7 Comparison of Tests with Thecry

Cverall joint flexitilicies for single fasteners in double shear, for a
given gage length, were determined botb experimentally and by the methods of
this section. A series of 15 tusis were performed on aluminum-plate, symmei-
rical, double.shear lap Joints uslog titanium fasteners. ‘welve (12) ot these
specimens were joined by loose fittlng fasteners and the remsining three (3)
by interference-fit fasteners. A mwore complete description of the tests and
parameters investigated, such as plate friction ard fastener clamp-up, is
presented in Chapter T»

The eanalytical model used for comparison turposes 1s the shear beem of
Section 4.5 (Eqs. (28) and Figure S2). However, since the elastic fourda-
tion supporte for the center and outside plates are assumed fixed in that
model, we must add rigid body displacements tc each segment idealization
to obtain the total joint deflection, 5T. Tris is equivalent to obtaining
the differences 'n displacements, relative t¢ the fastener, of the founda%ions

in the center anj outside plates, ia the planes common to both {{.e. x = .i.),
2

Thus,

= =-El-r .--t-l
&3 vy (r=352) -y, (x=3%)

which by virtue of Equations {28) yields

r
I 1 1 {30)

&n = - +
T  2)xcA ‘Yytanh IL?.E.'L Y, tanh Ygtz)

Since the platec Jjoined in the tests were of the same meterial

and the thicknesses saticsfied the relationship

tl = 2t2

Equation (30) reduces to

F .
S N
T

k tanh —=

e A e e L




Thus, the effective Joint stiffuecs, ke‘f’ becones

rt

1
F k teapnh —==
8] an! 3}
k 2 et = ———— (31)
elf 6& v

whicl, in the limic, as the ravis of plate stiffness {X) tc fastener

atiffnens (MA) approaches zero, becomee

2

Equaticrs {31) and (32} were used to generate effective stiff-
resses Tor both titanium amd g2l Pazterers Jjoining sluminum plates.
The plate stiffness was variad 1o aeccount for various conditions of fit;

i.e, loose, nsat, &id interference, Numerical resuits for these cases

are presented in Tanle 7 erd the correspocadicg stiffness for the liacer

portior of the experimental results (cummarized from Apperdix X) are

presented In Table 8,

The last three columns of Tsble 7 show the effect of increes-
ing the fastener to plate stiffrsss ratic, as well as the relative
importance of including the three dimensional effect of fastener flexi-
bility upon the overall joint stiffness. However, it should be noted
ihat the effects ol fastener-to-hole fit, which c&n be obcerved by
comparing the locse, neat,and interference fit results, ri¢ wore slig-

nificant in estatblishing the joint’s net compliance,
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A comparison of results between Tables 7 and 8 reveals excellent
agreement for the locse fitting titanium fasteners and good agresment
for the interference fit titanium festepers, However, it shculd be noted
that the variation of measured resultis from test to vest, for similar
conditions cf fit, varied significantly and, that Table & gives cnly
average values. In addition, the definition for the elastic plate modulus,
ke' is somewna® arbitrary in the case of the interference it fasteners
(Fig. 75) because of the highly ncu-linear nature of the virgin load-
deflection curve for all levels of lcading. (The method used in obtain-
ing the ke values for these types of cuvves was to define ke to ve the
secant modulus to an arbitrary value of the load level equal to 1/3 of
the wltimate load, P_, sustained by the Juint. )

[N

N




CHAPTER 5 APPLICATION OF RESULIS TO YATIGUE ANAIYSIS OF JOINTS

5.1 Introdunrtion

The fatigue strength of a discretely fastened Joint 1s dependent to different
degirees on various parameters within the joint. Of major importance to fatigue
iife is the magnitude and range of stress and strain at critical points within
the joint. The stress distribution is largely related to Joint geometry, but
is influenced to sigriticant degrees by various other parameters, such as type
and order of loading, clamp=up forces, variationin fit between different
fasteners in a multi-fastener Jjoint and clearanca or interference between
fastener and hole. Fatigue strength 1s also influenced by fretting, which can
occur as a result of relative movement between fastener shank and hole surface
or between the inner and outer members of a joint. This phencmenon is difficult
to includée in a fatigue strength calculation, except by the use of empirically
determined fatigue strength reduction factors. The effects of in-plane loads
induced by frictional forces due to clamp-up are also difficult to assess
except by experimental procedures.

Of the many factors which affect the fatigue life of a mechanically fastened .
Joint, clearance or jnterference between fastener and hole is one of the most
important. In addition, it is also a Joint parameter that can be controlled
in design and manufacture. Fatigue tests have shown that fatigue life is gen-
erally reduced as a result of increasing clearance, and improved when there is
an interference fit. If the degree of reduction or improvement in fatigue life
is reasonably well established it is possible to use various fits to advanta
For example, increased hole tclerances in certain areas may sesult in a saving
in production costs. Also, the necessity of otherwise using interference fit
fasteners to increase fatigue life can be evaluated.

The present investigation is, therefore, largely concerned with the effect
of changes in stress distribution due to geametry and fit, as they influence
the calculation of fatigue strength. Except as inherent properties of the

Lo



test results, fretting and clamp-up are neglected.

Some examples of test data demonstrating the effect of clearance and
Interference are presented in References 21 and 22 for constant emplitude
loading. However, the number of systematically run test programs to evaluate
the effect of clearanc: and interference fits on fatigue life is limited, and
such duta as are availablie are usually confined to constant amplitude tests
where residual stress effects are not present to complicate the results. In
spectrum fitigue loading, the effects of residual stresses induced as a result
of high loads in the spectrum must be considered.

In the application of the results of the present study to the fatigue
analysis of joints, two specific joint configurations have been congidered.
The fatigue life of these joints has been investigated for conditions of clear-
ance and neat fit, for typical airecraft maneuver spectrum loadings. In addition,
constant amplitude fatigue life predictions have been made for conditions of
neat fit and interference on one Jjoint configuration. The methods of fhtigue
analysis are described in the following section.

5.2 Method of Fatigue Analysis for Joints with Neat Fits and Clearance Fits

5.2.1 Constant Amplitude Loading

The fatigue 1ife prediction method of Reference 23  which has been
used in this analysis is based on the strain cycling concepts of Manson, Peterson
and others (References 24 and 25 ), who employed constant strain amplitude,
Sl2y roversed siruin cyclile date “o est->"° -4 relationships betwenn total
strain amplitude and cycles to failure, for unnotched specimens tested in fatigue
at zero mean stress. The method of Reference 23 gives a procedure for extend-
ing the approach to cover cases other than zero mean stress. In using the method,
the basic assumption is made that the material at the edge of e hole or other
stress raiser will fail in fatigue at the gsame life as an unnotched specimen
subjected to the same straings. It is therefore necessary to establish the
strain range at the critical section of the notch. For a given load cycle,
stress-strain variation at the critical fatigue section (generally the region of
maximum stress concentration) 1is established using several approximations. The
procedure is illustrated in Figure 55 , for the condition in which the applied

maximum stress 1s tensile, and the minimum stregs ia zero in the fatigue cycle.
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For values cof minimum applied stress other than zerc, a wodificaticn of this
procedure is gilven in Reference 23. The nominal applied strese in the loading
cycle varies from Q to Thg, (Figure 55 ), Point A. The corresponiing stress
at the notch root is assimead to vary Iras O to g___, (pcint B}, where Crox
is given by the expression K ¢
Tpax fp max (33)

Kfp is a plastic stress concentration factor csleulated Dy the Stowell
formula (Reference 26}. The strain, Sy, correspording to op,., 1is
obtained from a cyclic stress-strain curve similar to Figure 56. When the
section ia unicaded, the material at the edge of the rotch 1s assumed to unload
in two stages. In calculating tne first stage trom the point B to the point C,
the elastic part of the unload cycle, use is made of the Neuber factor, KN’
which 1s given for a circular hole by the formula:

Ky = 1r =t (34)
1 +ﬁ;
NP
where KT = elegtic stress ccnceutration factor

& = material constant

I = radius of hsle or notcn

The elastlic unload stress increment is given by the expression:

¥ max (35)
boy = S5
A‘:‘l
with a corresponding unload strain of: A‘l = —E: ° (36)

To determine the remaining rert o. the unloading cycle at the noteh (to point D),
it is assumed that the naterial follows the same cyclic stress-strain curve as
during initiallpading, and that the strain at the nctch will decrease Ly an

€
additional emcunt: a6 o DBX

5 =B (37)
with a corresponding stress increnment, A“é , obtalned from the cyclic stress-

nc .
strail urve e + €

1 2 5
5 (38)

The minimum stress at the notch, at pcint D, is given by:

The strain amplitude at the notch will be: e, =

[}

amin cmx = (A(Tl + 602) (39)
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The mean stress at the notch will be:
o = Jmax * Toin (10)
wean 2
Subsequent applicaticns of the same load cycle are assumed to follow "he same
loop, i.e., D,B,C,D ghown in Figure 55, At the end of the loading cycle (at
point D), there will be a residual campressive stress at the notch, which is

equal to o . (BEq. 39). This reaidual stress may have a slgrificent

beneficial effect on fatigue under spectrum loading, as discussed in Section
5.2.2.

In calculating fatigue damage, use is made of congtant amplitude, fully
reversed strain cycling date. The calculated strain amplitude at the notch,
sa , 1s therefore modified by the use of a Goodmen type correction, to

cbtain an equivalent fully reversed strailn amplitude.

e (1)
€ = 0y
t om
l - ——
where °f
€ = equivalent fully reversed strain ampliltude; €, = sirain amplitude;

0, = meen stress in <cycle and Op = stress at frecture for the material

The 1ife -8 then obtained by entering the struin-life curve for the material.
Suck a curve for alumimm allcy, 7075-T6, 1s shown in Figure 57 . The life

of the element is then determined by applying Miner's linear demage rule:
n
z - 1 (b2)
5.2.2 Spectrum Losding

To. ietiod Br predlecting *i. fatigue life or a Joint s.ojected to spectrum
loading is basically similar to that uged for predicting constant smplitude
fatigue life. The cyclic straip amplitude corresponding to any particular load

level in the spectrum ls determined eractly as for the cuse of constant amplitude

loading, independent of the previous load levels that were appilied. The cyclic
mean stress corresponding to any given load level is also independent of the
previous loading histcry, provided thaet the previous applied loads were all
equal to or lower than the subsequent lcads. If, however, any of the previous
applied loads were higher than the subsequent applied load, then relatively
large residual compression stresses remaining from the previous higher loads
would *end to reduce the cyclic mean stregs in the subsequent load cycles. The

amount of this reduction 1is directly related to differences in residuul stress

3
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levels, as explained in Ref vence 23,

In general, the types of assumptions made in the empirical fatigue analysis
vrrocedurcs described above, both for constant amplitude loading and for spectrum
icading, were based on qualitative, physical reasoning. The specific details,
however, were determined so as to obtain a best fit with available fatigue
test data. Further discussion is given in Reference 23.

5.3 Method of Fatigue Analysis for Joints with InterferencebFits

In the case of joints with neat fit pins or with pins having positive
clearance the fatigue analysis method described in Section 5.2 gives generally
satisfactory results. One of *kc principel recoacns for this iz that for initial
loading into the plastic range, the use of the Stowell formula for determining
the plastic strains and stresses at the edge of a hole with a kndwn elastic
stress concentration factor, will give sufficiently accurate results in such
Joints. Subsequent unloading is largely elastic and can, therefore, aleo be
determined with good accuracy.

In general, the Stowell formuls applies quite w2ll to cases where there
is no initisl self-balarcing system of stresses, such as those resulting from
the use of a pin with an interference fit in a joint. However, for joints
with interference fit pins the plastic stresses and strains that result fram
the combined effects of interference fit loads and applied loads cannot be
accurately predicted with the use of the Stowell formula, especially for large
interferences which cause lcocal plasticity coven before any external load 1s
applied.

Because a simple, reasonably accurate procedure has not yet been developed
for approvimeting the plactic siresscs and stralns around ine holes in a joint
with interference fit pins, a much simpler version of the fatigue analysis
procedure described in Section 5.2 has been used to determine, at least
qualitatively, if not quantitatively, the effects of different interference fits
on the fatigue life of a joint. This simplified procedure mekes use of the
elastic strain distributions shown in Tables 9 through 12 , in conjunction
with the cyclic stress-strain and strain-life curves shown in Pigures 56 and
5T. This procedure caiu be illustrated by considering the elastic stresses
(Table 12) at 0 = 81° (Fig. 58) for a point on *he hole circumference in the
aluminum alloy joint of Fig. 68,
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Assuming an elagtic modulus of E = 10 x 100 psl for simplicity, the elastic
strain amplitude at € = 81° when cycling from no loed to an 8000 1ib load is
0.00375., This elastic strain amplitude 1s then modified to accounl for mean
atress effect by the use of the Goodman type correction wiscussed in Section
5.2.1, thereby obiaining the equivalent fully reversed strsin emplitude,

The value of Gy is ottained by determining the average of airesses correspond-
ing to the maximum and minimuz elastic streas in the cycle from the cyclic
stress-strain curve for 7075-T65 aluninum alloy (Fig. 56). In this case, the
elastic gtrains are 0.01087 and 0.01837, the correspondiie suiecses are 60 ksi
and Tl ksil, and the mean stress 1s 65.5 ksi. The resulting value of €
fram Equation 41 , is ©.00335. The fatigue lire at @& = 81° obtained by enter-
ing the fully-reversed strain-11fe curve (Fig. 57) with this value of ¢
is 1200 cycles.

t

It should be emphacized that this simpliried fatigue analysis procsdure
can be regarded as giving only quoli®tztive resiults, wud it may be conctiuded
that improved methods for determining plastic stresses and strains in Joints

with interference fits are needed to obtain good quantitaiive results.

As will be discussed later in Section 5.4, interference fits result in
mon~linear variations of edge-of-hole stresses with appiied load {the actual
variation approachea s bi-linear variatior)., Also, the initisl interference
gtresses may vary conasiderably around the hole circumference, depending on
the Anint oeometry. Tho result is lhati, eapecially under gpectrun lCading
conditions, it mey be necesgsary to examine seieral locations around the cir-
cumference to determine which is fatigue critical.

5.4 Discussion of Results

5.4,1 Juints with Clearance Fits

Figure 53 shows the calculated fatigue 1life for clearance fits in an
aluminum alloy joint similar to that shown in Fig. 68 with a 3/4" Dia. fastener
(see also Fig. 24)., The fatigue analysis has been performed for a typical

raneuver loading spectrum, to a zero 'g' base, using the method described in
Section 5.3. Four conditions of fastener-hole fit are comsidered, i.e. neat

f£it, 0,4% dis 2.0% Cie arnd 4.0% dia. The curves chow the varistion of service
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life with limit stress level in the spectrum. For a limit stress level of 35 kad

(a typical design stress level for a TOT5-T6 aluminum alloy wingL results in-
icate that fetigue life decreases as a result of going from a neat f£it to s

clearance fit. Much of the reduction in life occurs in the range between a
neat fit and a clearance equal to about 2% of the pin diameter as indicated in
Figure 60 where service life is plotted against % clearance for a constant

limit stress level. Similal indications are evident in the constant amplitude
test data of Reference 21.

Figure 61 shows a similar calculation for a 6Al-6V~2Sn titanium alloy joint
(Pigs. !T79 and 39). together with a limited quantity of test data. The joint
represents a configuration used in a particular design investigation, in which
a number of specimens were testesd to a simplified fighter aircraft maneuver
spectrum, (scmeyhat more severe than that used for obtaining the curves in
Figure 59 ). Test date for clearance of 1.2% and 2.4% diameter are presented.
Considerable scatter is evident in the test results. Fatigue predictions show —
a significant reduction in life in going from a neat f£it to a 2.4% dia
clearance. At a limit stress level of 90ksi, for example, the calculated life
ig reduced from 18700 hours to 12000 hours. The reduction is less than that
calculated for the case of the aluminum alloy joint previously discussed (the
curves in Figure 59 indicate that at a limit stress of 29 ksi, the 1life of
the aluminum joint would be reduced fram 139000 hours for a neat fif condition
to 3300 hours for a 2.&% clearance condition), but this is mainly due to
the joint configuration, as raflected in th= stress concentration factors shown

in Figures 33 and 4O, The fatigue predictions for the titanium joint
show good general correlation with test data.

5.4.2 Joints with Interference Fits

As discussed in Section 5.3, a simplified approach has been used in
fatigue predictions for the interference fit cases. The aluminum alloy Jjoint
discussed in Section 5.4.1 has been analyzed for constant_amplitude cyclic
loading. The neat fit, 0.4t% and 2.0% interferences have been considered, and
the results are presented in Figure 62. The calculations show the fatigue
strength at a point on the hole circumference at 81° from the axis of epplied
load.

L6



It should be noted that the curves for 0.4% interference and 2.0% inter-
ference show increased fatigue life over the neat fit for the entire range of
net section stresses considered. However, a comparison of the degree of im-
provement in fatigue life between the 0.4% and 2% curves indicates that larger
increases in fatigue life are cbtained with the smaeller interference when the
applied stresses are less than about bTksi. At this stress level, the two
curves cross at a life of about 3006 cycles. Below 47 ksi the 0.4% interference

Joint shows samewhat longer lives. This behavior would indicate that at
any given stress level in this particular joint, there may be & limiting

degree of interference, beyond which fatigue life would decrease with increased
interference.

In order to further examine tals result, Figures 63 and g4 have been
plotted. TFigure 63 shows the variation of elastic strain at the edge of the
hole with the applied net section stress, for two points on the hole circum-
ference, at L5° and 99° to the axis of applied load. Curves are plotted for
the 0.4% D and 2.0% D interference conditions. These plots are obtained
directly from the data given in Tables 9 through 12. Figure 64 shows
edge elastic strain variation with nominal stress at the edge of a hole at a
point that is 81° from the applied load axis., This location was the one con-
sidered in calculating the constant amplitude fatigue curves shown on
Figure €2.

An indication of the effects of interference fii ~~ *hc clastic behavior
ot the =ige of the hole is c¢btained from an examination of the curves in Figs.
63 and 64, It can ve seen from these figures that. for each value of 6,
the initial slope of the curves (& measure of the rate of change in the elas-
tic strain ot the hole with change in the elastic stress on the net
section) is the same for the 2% D interference case as for the O.4% D inter-
ference case. However, as the applied stress is increased, the initial
interference condition is eventually overcome and the slope of the curves
approach:s the slcpe that would be obtained in a neat fit (0% interference)
case. The applied stress level at which the initial interference is overcome
increases with increasing interference. The significance of this behavior,
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ac 1t alfects faligue lifv, may be better vulerstood Ly examining in detall
some of the calculations that were made in obtuiniug the constant amplitude

fatigur curves in ¥ig., €.

Conslder, for cxample, the elasiic straln ranges at the edge ot the hole
for 2,0% and 0.4% interference when tac net section stress varics from O to 47
kei (the cross over polnt for thu.e two interferences on the constant amplitude
fatigue curves in Fig. ). The elastic straln ranges at the edge of the hole
at © = 81", obtained directly from Tables 9 throvgh 12, arc 19 rollows:

Interterence €

% Dia. EIr
0.0 0.01b
C.4 0.0096
2.0 0,006y

As would be cxpected, the ctrain rauge a1 the edge of the hole in the
Joint decreases with increasing interfercnce. However, =5 cdiucussed in
Sccetion 5.2 the fatigue life of either joint Jepenis noi ouly on the strain

range but also on the mear stress., Therefoce, when the values of §oy 6&rE
“r

corrected for mean stress effects using Eju.tion 41  (which can be applied to
strain range or strain amplitude), ihe resulting "eguivalent" fully reversed

cyclic straino ranges are:

Intesfercace 3
2 D elr
0.0 0. 0200
0.k 0.0156k
2.0 0.01558

Because the "equivalent" strain ranges for the two interference fits are

essentlally equal, the correspording fatigue livea, {obtained by entering

the strain-life curve in Fig. 57 wiih the straiu amplitude ‘t =€, /2),
r

are also eyual, and are epproximately three timee the life of tne neat fit

Joint.
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At net section applied stresses greater than 47 ksi, the "equivalent"
fully reversed strain ranges are lower Pfor the 2.0% D interference than for
the 0.4% D, resulting in longer fatigue lives for the larger interference, For
example, at a net section applied stress of 55 ksi, the 0.4% D interference
strain range 1s 9.01205, while the 2.0% D interference strain range fs C.0073.
The corrasronding "equivalent" strain razges, when the effect of mean stress
hes been accounted for, are 0,703 and 0,0184 resulting in a longer fatigue 1ifé
for the 2.0% T interference case (Fig. 62). The straln range for the neat fit
Joint, at the same applied stress level is 0,0164, but when the mean stresn
correction is applied, the "equivalent" fully reversed strain range becomes

0.0242 and the corresponding fatigue life is lower than for either of the
interference fit cases.

At lower values of applied stress, 30 ksi for example, both the 0.4% D and
2.0% D interferences show improvement in fatigue life. However, the consid-
erably larger mean stress correction for the 2% interference case predominates
so that the improvement in it's fatigue life is consequently less than that
shown by the 0.4% D interference case.

From an examination of the curves in Fig. ¢4 and the above calculations
it becomes obvious that when a load is spplied to a Joint, the resulting
increase in stress and strain at the edge of ‘he hole is smaller in the case of
an interference fit than in the case of a neat fit. This tends to increase the
fatigue life of Jjoints with interference fits. However, when the interference
rit becomes large, the mean tensile stress at any point on the hole periphery
also becomes large, and this tends to decrease the fatigue life. There would,
therefore, eppear to be optimum amounts of interference for different applied
stress levels. This appears to be partly born out by the test data shown
in Fig. T of Ref. 2T, which showed that the constant amplitude fatigue life
cf & small lug with a taper pin increased with increasing pin interference up
to a certain point, and then showed a significant reduction ai higher inter-
ferences,
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5.5 Conclusions

1. The fatigue life of & discretely fastened joint is reduced if there is
a loose fit between fasteners and hcles., This reduction increases significantly
up to a pcint where the clearance 1s between 1% and 2% of the fastener diameter,
after which the rate of reduction in fetigue life becomes noticeably less.

Limited test data *:né o substantiate this.

~

2. TIncreases ip local etrees due vo clearance, and resulting reductiorn in
fetigue 1if: may vary significantly with Joint geometry. A well designed Joint
with standard propertions could te less affected than cne with undesirable

geowetrical characteristics, such as extremely short edge distauce.

3. Variations in fit between different fastepers in the same group will
alfect fatigue life, The analysis presented in this report can account for such

variations in fit where these are known.

4. The degree to which interference fits between fastener and hole will
affect the fatigue life of & Jeint is & function of the amount of interference,
the Joint geometry aod the applied stress levels in the fatigue loaeding cycle.

Tn general, interference fits will improve fatigue life, but the improvement is
related to the joint geometric parameters mentioned above, and there would appear
to ce optimum amounts of interference for difrerent applied stress levels, (as
discussed in Sectlon 5.3). It iz possible that excessive interference may

be detremental to fatigue 1life.

5. 1The tremis shown by the fatigue analysis in general are of considerable
interest. The avellubility of the very detalled clastic strees data generated
in this repor:t, if utilized to che fullest extent, offers &an attractive prospect
of extensive parametric study. Extension of the present work to ineclude
plasticlty effects would result in a greatly increased cspacity for the analyti-
c¢al prediction of Joint fatigue life,

6. Existing methods of fatigue analysis arc not fully adeguate for the

conzition of interference fit. However, a more accurate knowledge of the

stress-straln behavior at the edge of & notch would undoubtedly permit a
better ratigue analysis to be made.
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CHAPTER 6, FASTENER~SHEET IOAD-DEFLECTICON DATA

6.1 Intreducticn

Of considersble importance to the anaiyeis of’ multi-fasteper loints is the
determination of *he "spring conatawts" or ithe slopes to the load-deflection
curve of the individusl festeners in combination with the local sun-:et. This
has peen poirted cat by previous investigators (Befs. 1, 2 &and 28) who have
treated the Joint as & B2t of springs anmd attempted to determine experimentally
the particular spring consttnts needed in their analyses. In Ref, 2 the
fasgtener experimental losd-deflection curve was approximatzd by & "Ramberz-
Osgood” type expression and ir Refs, 1 end 28 an incrementsl plecewice linear
aprroximpation to the curve was used in the analysis.

The lsck of a tatulstsd cvet of datms for & variety of fastener-sheet
combinalions weas counsidered a mejor shortcoming in ithe ana&lysis of load distri=-
tution in multi-festener Joints of any type. In this chapter a method for
approximating the load~deflection curve of individual fasteners i1s preszented,
Comparisonc using this approximation show good correlatilor with experimentsl
data, Tabulations of several humdrad load~deflection curves foumd ir the
literature and covering a large variety of fastener types and plate combinations

&re alac presented,

6.2 Parametric Representation of Fastener-Sheet Load-Deflection Curves

A typicel load-deflection curve is chown in Fig. &5 . The initiel portion
of the curve denoted by the letters CA is usually linear and rises to only &
small percentage of the total load carryving cepacity of the fastener. For
fasteners with small tolerances snd a small clamping action, the portion of the
curve OA represents the frictional effects In the Joint. This aspect has been
studied experimentally and cowpariscns of 1ts effect on the load-defl:ction
curve are presented in Chapter 7. The portion of the curve denoted by AS
represents the effect of initial cleaance or "slop'.

A modification to the initial portion of the generally complex ~urve {Fig. 65)
is proposed in order to siwplify the application of load-deflection data to load
distribution analyses.
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Thie wodification consists ¢f extending ihe linear portion of the curve to cut
the & axis at zero load as shown in Fig. 65 at point 0'. The offse’: is des-
ignated 50 snd depending on the neture of the curve csn be positive or negstive.
An expression for the displacement at sny load level can Le obtalned after the
moGification to tue curve hes been mede. Writiug the tctal displacement scross

the fastener, §, ac a cambination of an elastle anéd a plactic part we have:

R
= 3 < B P
6 = ée + op = ke + A(PJ) (43)
P
'-here’ 6e = k—- (“4“<'r)
e
and - P B
& = A () (45)

and A and E are constants.

The quantities k, Pi and PJ are defined in Fig. 65. The velue of k, is easily
obtained from an automatic lowd-deflecticn trace. By choosing appropriate off-
sets 6, and §,. from the initial corrected linear part of the curve we define
the co;reeponéing vaiues of P, and PJ. The two constants A and B in Eq. 43

can then be determined from tLe following expressions:

A=-§ +5,
& . (46)
and . -6, * &
-6 + 6
0 J
Y (47)
m | #

(Y
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The main difference between the method propoced here and the "Ramberg-Osgood”
type curve proposed in Ref. 2 1is the method of obtaining the values Pi saud P

at the "knee" of the curve. Gehring and Maines (Fef. 2) recommend P, to be :
chosen at a secant modulus of 0.7 ke to te camsilstent with the yiesld defined by
Ramberg - Osgood (Ref. 29) aaod the point PJ is selected "=z Par out ou the
curve sg practicable”. It eppears preferable and much easier construction-
wise to use direct offsets parallel to the linear slope of the modified curve
at finite displacements as shown in Fig. 65 to accomplish the same thing.
Because we are more interested in the region near the kuee of the curve (moder-

ate plasticity) rather than at failure (lmrge plasticity) this appeared to be a
good technigue.

6.5 Evaluation of the Accuracy of the Proposed Parametric Loed-Deflection

Before the proposed method of parsmetric representation of loed-deflection
curvee wae applied to existing experimental data, an evalustion of its accuracy
was made. Tig. G6 shows in solid line an experimentally cbtained sutometic
load~deflection curve of a single Hi-Lok fastener in double shear. Using the
method deseribed in Section T.2 two parametric approximations to the curve were
obtained using two different sets of offset points. In the first curve (des-

ignated by crosses) offsets at 0.002 and 0.005 inches were used. The seccnd
curve (circles)was obtained using offsets at 0.005 and 0.012 inches. It eppoz
from the comparison shown in Fig., 66 that both parametric approximations are

good representations of the experimental curve over the useful range.

>ar
Py

However,
as would be expected, the second approximation shows betiter correlation toc the
experimental curve in the inelastic range.

Another comparison ie shown in Fig. 67 which correlates three dirferent

parametric curves to the original experimental curve. It 15 seen from the

equations of the three curves that as the constant B increases from 5.65 to
9.76 the knee of the curves becomes sharper and the parametric curve deviates

from the test curve. The two curves with the lower values of B aprear better

approximations to the particular experimental curve, 1t 1s suggested that in
tabulating data by the paremetric procedure an attempt be mede to see which

offsets give & better correlation for each group of fasteners apalyzed. In
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the resuita given in Appendix X this precedure was Pollowed.

6.4 Suranary 28 Ixisting Load-Dellection lsta

A tabulatiou of seversl hundyed load-deflection curves are presented in
Lpper © (K, Data publisied iu Refs. 1 &nd 30 are presented as well us
Grumman unpublished test data (Ref, 31 ). Use of pew commertially available
Tastening systems, so widespread in the aircraft industry at the present time,
necessitates a large accumlation of guch data se those presented in Appendix
K. However, due to the unaveilability of test resulte in the open literature,
the scope of the tatulation shown is somewnat iimited. It is hoped that future
tabulat:ions and sdditions of this type can be made avallable to other interested
users iun the near fulure.

The format used in presenting the data of Appendix K is showi on
PZ. 255 together with the delinition of the varicus symbols. The table
glves the following: information corncerning the plates wmeking up the Joint
(Cols, 1 %o 7); irformation concerning the fastener data (Cols. & to 13);
measured interference or clenrance (Cols, 14 to 16); the computed lcad-
deflection parameters (Cois. 17 to 22) and test information end identifi-
cation (Cols. 23 to 28). Pages %55 and 256 summarize tnhe data presented
by Mc Combs e al, (Ref. 1) for single and double shear single fas<ener
Joints. On page 257 is given a summsry of the single fzitener double
ghear teoctc of the present study. TFages 256 to 264 summerize the result
of Grumman dats obtained in a Corporate titanium study (Ref. 31), The
code used in describing each test is shown in Cols, 27 and %€ and on top
of page 258.

1]
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CHAPTER 7 EXPFRIMENTAL PROGRAM

7.1 Introduction

The muin purpose of the experimental program wae the verification of the

analytical methods described in Chsptergs 2to 5. In addition, the experimental

results pointed out the relative importance of some of the parameters which
influecce the structural behavior of mechanically fastened Joints.

ol test: are described: siastlc strength end fatigue., The static strength tests

were perfoermed on eingle fastener and multi-fastener joints and the fatigue
tests were performed or multi-fastener joints.

Two types

Some c¢f the results presented
herein were obtained under other Grummen Independent Research and Development

programs and we ™2 aot part of the present contract. However, the resulis are

pertinent to thLe | =3ent analytical study and are presented for illustrative
purposes.

7.2

Static Strength Tests

7.2.1 Single Fastener Load D=flection Curves

(1) Description of the Tests

The configuretion for the double shear test specimen <liocsen is
showu in Fig. 68. A view of the test set up prior to testing is shown in Fig.
69 . MNote the extenmsometer device used for obtaining the automatic trace of the

load-deflection curve across the joint. Table 13

siatin strength tests which were performed. All fastenere had a nowinal diameter
of 0.25 inches.

gives & summary ot the 15

The method of testing followed closely the Grummsn procedures
used in obtsining fastener design alliowables and is described in Ref. 32 . The

specimen is given a very small initial load of the oider of 100 to 300 lbs.
prior to start of tesi. The specimen ie then loaded slightly beyond the begia-
ning of its inelastic behavior and +hen unloaded. Reloading of the specimen

then follows and a second unloading is made at & deflection of mpproximately

0,010 inches greater than the first. These two unloading cycles are chosen

with the help of vigsual observation of the continous loasd-deflection trace and

are intended to bracket the 0.012 inchk offset point which is used to obtain the
aliowable yiceid load ¢f the fastener.
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A typical failed epecimen is shown in Fig. 70 which shows the
large local deformation causing ovelizetion of the holes and the execeslve benmd —

ing deformstions in the lroken titanium Hi-Lok fasteuer

(2) Results and Discussinom

An attempt was made to determine the influence of guge length
on the loed-deflection curve of the single flush Hi-Lok fastener joiat shown in
Fig.69. Three'identical'specimens having a single Hi-Lok fastener in double
shear were tested Ly the prccedure éescribed sbove. The only variable in these
three specimens was the length over which the deformations across the fastener
were recorded by the extensometer. Three lengths were used in thne study 22, L
and 6 inchee. The results are shown in Fig. Tl. Although no definite trend
is indicated the results do point to the fact that s fair amount of scatier can
be expected in the load-deflectica charecteristics of sezaingly identical spec-
Jmens installed under nvrmal prcduction conditions.

The results of a limlted study of the effect of friction coef-
ficient on the fayilng surfaces of a Joint are shown in Figs. 72 to Th. Fig.
T2 shows the results of tests on Joints mede from plates se received with no
special finish. The flush Hi-Lok imstallation torque is of the order of 65-80
in.-1bs. causing & small bi-linear effect in the elastic portion of the load-
deflection curve with the change in slope cecurring at an applied losd of
approximately 500 lbs. By finishing the plates with & standard protective
alodine treatment used at Grumman the point at which the bi-linear effects
occurs is shown to be about 1000 lbs. in the ihree tests shown in Fig. T3
This indicates an lncrease in the friction coefficient over the naturul finish
of Fig., 72 since the same Hi-lok fasteners were used in both cases,

By Teflon coating the faying surfaces, the friction ceoefficient
is reduced to practically zero,hence the break in the initial portion of the
bi-linear curve cccurs at a much lower loed (app-oximately 100 lbe.) as shown in

Fig. Th, It should be noted however, that for all three types of surface

finish, the effect of a relatively small clamp-up (65-80 in.-1lbs) hua a very
small effect on the over-all load deflection characteristice of the fastener.
in

The results of three teste using 2 single |

Hi-Tigue fastener in double shear are shown in Fig. TS. Compering these results
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with the tests using normal flush Hi-Lok festeners havi.g a small clearance
duc to the manufacturing tolerances, two lhings stand out. The load-deflection
curve is nonlinear slmost from the start of loading and the elastic modulus

measured by the wvelue of ke is alsc much higher.

7.2.2 Multi-Fastener Joints

An example of a multi-festener Joint is shown in Figure 76 . The ~on-
figuration is representative of & structural element fatigue test on & wing
ceuter line spiice. The amaterial of the outer plutes is aluminum alloy,

TOT5-T6 cled and the inner plate 1s aluminum alloy 202L-T3511, The fasteners
are +" dia. Hi-Loks. Three conditions of fastener-hole fit were tested, neat
fit, 0.002" clearance and 0.004" clearance. In addition, the effects of clamp-
up as applied to the fasteners due to instellation torque, were studied., Tasts
were conducted with the Tasteners lightly torqued by hand as against the normal
instellation torque used in manufecturing assembly.

The stiatic benavior of the Jcoint when ussembled with the normel clamp-up
is8 clearly demonstrated in Fig. T7, where the load-deflection curve for the
Juint over & 4 inch gage lepngth shows ma marked breaking point. The Joints with
clearauce, as distinct fram the nest fit, show the bresk in slope more clearly.
In all three cases, the bresk occurs at & significant percentage of the Joint
ultimste strength. The relative eifect of clamp-up arxd clearance on the fatigue
strength of the Joint is illustrated in Fig. 73. The Tatigue life tends to
decrease &6 clearance is increased, for the speclmens without clamp-up. A con-
giderable increace in Tatigue lite is obtained when normal fastener clamp-up
1e present.

A secoad double shear joint specimen is thown in Fig. T9. This con-
figuration has two fasteners on a line, perpendicular to the applied *mad line.
The msterial is titanium alloy, 6Al-6V-2 Sn annealed sheet. Joints assembled
with 1/L" dia. Tsper-Lok fasteners were tested with interference fiis of 0,0018"
and 0,0042", Joints with 1/4" Mi-1:k fasteners were tested with clearaices of
0.003" and 0.00h". A {ypical aircreft manuever load spectrum was used in all the
tests,

T2st results are prssented for the interlerence fit specimens in Fig.
£0. The data sLow substantial increases in fatigue life for the C.00L2" in-
terference case over the 0.0018" interferenc 2 case. Several specimens were

tested after a 14 day exposure to a 3.5% fie’l solution, but the effect on

crr
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fatigue did not appear to be significant, based c¢cn ve:y limited date.

Test results for the clearance fit specimens are presented in Fig. 81,
The data ehow coneiderable scatter, and the results for the 0.003" clearance and
the 0.006" clearance overlap to the extent that a separate scatter band for each
condition has not teen defined. These test results are also discussed briefly

in Section 4 of Chapter 5, where fatigue life predictions for the Joint are
presented.
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No. D,%D,, W S Dist. t ¥ |D D t D
(in.)}{ (in.) (in.} | (in0.) | (dn.

T z 3 " 5 15 718 15 o Tu
P11 _{.25 2 L 1 d2s (2|8 b e 16
P 1.3 .50 2 i 1 s e e g2 " 8
Pur.6 1.5 2 L 1 .25 l2 | 2.67]1.3316  [5-33
P .2 25 2 2 1 A25 J1 ] 8 4 3

r-_‘ -
‘T 1.4 .50 2 2 1 Jd2s 11 1y 2 N 4
B 1.5 .75 2 2 1 .125 JJ. 2.6711.3316 2.67

Tatle 1 Summary of Plate Problems With Two Unloaied Holes
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ige Thick- W D
Problem § Diameter § Width Distance} ness = £ =
Number D w e t b D t

(in.) (in.) (1rn.) §(in.)
P2.1 .25 <9375 L6225 .125 7.5 g.s 2
P2.2 .50 .9375 .65 1.125 3.7501.25 R4
P2.3 .75 +9375 625 125 2.5 | .83586
P24 . T5 .2375 1.6 .3 2.5 j2.13 j2.5
Table 3 - Summary of Geometric Peramet:rs of Aluminum Plates with

Single Rigic Fastener

Flex. PReam Shear Beanm Completely

(Rigid 1in Shzar) (R1gi1d in Bending) Rigid Beam

x/t Eg. (2k) Eq. {25) Eq. (26)
0 L.003 4,032 4.000
.1 3.401 3.410 3.400
.2 z.800 2,796 2.800
.3 2.199 2.190 2.200
b 1.599 1.588 1.600
.5 0.998 0.990 1.000
.6 0.399 0.395 0.%00
i -0.201 -0.7200 -0.200
.8 -0.800 -0. 795 -0,800
.9 -1.399 -1.392 -1.40C
1.C -1.998 -1.992 -2.000

Table 4 = Inad Interaction Parameter gﬁ for & Fastener with Neglizible Head

0

Stiffness 1n Single Shear (Ref.Figure 51a) (E = 30 x loépsi, v =0.3,
k = 7.68 x 20°, t » 0,125 in, 4 = 0.25 1n.)
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e eastatr. | . kMR ki 1.
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Shesr Beam Completely
x/t (Rigid 1r. Dending) Rigid Beam

1.078 1.00C
1.056
1.036
1.018
1.029
0.990
0.980
0.972
0.966
0'962 v
0.961 1,000

. . - - -
0N

ow DNtV FW

[
H

Table 9 ~ Load Irnte action Parameter I;Lt for a Rigid-Head
0]

Pastener in Single Shear {Ref. Fig. S1 b )
(E = 30 x 106, v =0,3, k = T.68 x 106psi, t =0,125 in, 4 =0.25 in)
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ST NP BT SO T Travesiges e

Completely | Free & Clamped Headd Clamped Head Free Head
x/t1 Rigid Beam Shear Beanm Bent Beam Bent Beam
(Rigld in Bending) KRigid in Shear)| (Rigid in Shear)
inner 0 1,000 0,990 0.995 0.995
plate | o 0.991 0.996 0.996
.2 0.995 0.997 0.997
.3 1.001 1.000 1.000
A 1.009 1.005 1.005
.5 1.000 1.020 1.010 1.010
outer | .5 1.000 1.020 1.009 1.015
platesi ¢ 1,009 1,004 1.009
ST 1.001 1.000 1.003
.8 0.99% 0.997 0.997
.9 ‘ 0.991 0.995 0.991
.0 1.000 0.990 0.99% 0.985
aty q(2t2) ,
TABIE £ - Iged Interaction Parameter, T ©F P

[0} o}
for a Fastener in Double Shear (Reference Fig. 52 )

(E = 30 x 106psi, v =0,3, Ky = T.68 x 106p91, k, = 7.68 x 106psi,

ty =0,125 in, t, =0,0625 in, 4 =0,25 in.)
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Type Fit Plate Stiffness joint Stiffness k .. x 1070(X2
(Refer to Fig. 38 Y £ (1 )
-6 Titanium Steel Rigid
k x 10 “(psi) Fustener Fastener Fastener
Loose L.2s5 L16 .512 .535
Feat 5.330 .610 .635 670
Interference 6.966 .T78 .816 .876

Table 7 -~ Analytical Results for the Double Lap Joints Tested

Type Fit Linesrized Joint Stiffness B e x 2002

Titanium fastener

Loose 420 (avg. of 12 teste)

Interference .803 (avg. of 3 tests)

Table 8 - Summary of Experimental Results Presented in Appendix K
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Load Net Section Maximum Tengentiel Stress at Edge of Hole
Level Applied Stress in psi

(1bs) (psi) 8=9° 8="] 0=31°] 0 =99°

2 14,2 25.62 28. 34 42.60 45.56

500 3555 640k .9 7092 10,669 11,390
1000 711l 12,810 14,185 21,338 22,781
2000 1b,222 25,620 28,369 ko 676 L5,562
LO0O 28, 4hh 51,239 56,739 85,351 91,123
8000 56,888 102,479 113,477 170,702 182,247
9000 63,999 115,288 127,662 192,040 205,027
10000 71,111 128,098 141,347 213,378 227,809

Table 9 Elmastic Stresses for Neet Fit Case

Load | Net Sect. Maximum Tangen%&]i’ sSitreas at Edge of Hole

Level| Appl. Str.

(10s)]| (pei) 8=9"| 6277 | e=u°] o=63°] e-81°] 09

2 1k.232 50,615 36,06 28,282 23,732 21,76k 22,330

500 3,255 Ly, 8l 39,10 32,934 28,7159 26,433 25,973

1000 7,111 29,066 k2,231 7,606 33,807 31,121 29,631

2000 14,222 Ly 993 47,791 b5 456 42,185 38,956 35,390 :
4000 28, bl 68,526 67,655 66,120 64,410 6k,831 73,709 3
8000 56,838 119,532 120,634 122,547 127,133 1kg, 354 154,939 3 :
9000 63,999 132,342 | 133,946 | 136,731 | 12,912 | 170,692 | 187,720 ]
10000 71,111 145,152 147,257 | 150,916 158,690 192,030 210,500 1

Table 10 Elastic Siresses for the Case of AD/D = 0.U% Interference

68
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Load Net Section Max1eum Tangential Stress at Edge of Hole
Level Applied Stress in
(1bs) (psi) =91 0-45°| =8| 0 =99°
2 1k,2 293,087 141,330 108,74k | 111,593
500 3555 252,315 145,984 | 113,413 | 115,236
1000 7111 251,538 150,656 | 118,101 | 118,893
2000 14,222 249,986 159,999 127,577 | 126,209
Looo 25,4k 2ke, 882 178,686 1ké,229 | 140,839
8009 56,808 240,673 216,057 183,733 | 170,100
9000 63,999 2bo, 752 223,206 190,762 | 175,591
10000 71,111 2kl o8k | 227,080 194,780 | 179,448
Table 11 Elastic Stresses for the Case
of 4D/D = 2.0% Interference
Load Net Section Maximum Tangential Stress at Edge of Hole
Level Applied Strees dn pad
(1bs) (psi) 9 =g° 0-4] 8-8°°}0=9°
2 1k, 2 506,178 282,644 217,469 | 223,172
500 3555 505, ko4 287,296 222,138 | 226,815
1090 7111 504,625 291,068 226,827 | 230,472
2000 14,222 503,077 1 301,31z | 236,203 ; 237,707
4000 28, Lk 499,972 | 319,998 | 25h,954 | 252,418
8000 56,888 493,764 | 357,311 | 292,458 | 281,67y
9000 63,999 koo 211 | 365,715 301,835 | 288,994
10000 71,111 490,659 376,058 311.210 | 296,309

Table 12 Elastic Stresses for the Cace
of AD/D = 4% Interference
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Fig-

1

Schematic Representation of Mechanically Fastened Structural Joint
Showing the Method Used to Decompose the Structure tor Analysls Purposes
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Fig., 2 Illastration of the Constant Strain Method for a
Uniaxial Stress Case
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Fig, 10
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Fig. 22

Progression of Yield Zones with Increasing Applied load, Plate P 3.3B
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Load,P, ia kips

8
_1 IEQEND
Spec. No. Clearance
1 0.0
3 0.002"
7 5 0.004"
6
5 4
L
]
i
3 4
H
2 d
s
’
14
i T L | 4 l [ L !
No.l .00k .006 .008 .010 012
No.3 . 002 .00k . 006 .008 .010
No.S 0 . 002 .00k .006 .008
Joint Veflection in 4 inch Gage Length.
Fig. 77 Effect of Clamp up on the Statiz Load-Deflection Curves of Joint

with Four Hi-ILok Fasteners and Three Different Amocunts of Clearance
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APPENDIX A INELASTIC STRESS AND DEFLECTION ANALYSIS OF PLANAR STRUCIURES

1 (A) Program Description

t This 1s a brief description of the Grumman computer program
used for plastic analysis of mechanically fastened joints. This
prograr: is a modified version of deck 45128 originally written
to do elastic-plastic ail creep analysis of isotropic and aniso-
tropic planar structures. (Reference 3).

i The program was originslly written in Fortran II for the
IBM 7094, It was modified and expanded to run on the IBM
System/360 (Fortran IV). On this machine, available hardware
facilities permitted expsnsion tc sixty plastic "nodes™, after
allowance was made for scme additional features. The version
submitted to AFFDL to operete on IBM 7094 under IBSYS control
(Fortran IV) is restricted in size to thirty four plsstic nodes,
due to core size limitations. Use of direct-access storage
(disk or drum) for the two large data matrices permits a sub-
stantial increese in problem size, at the cost of a factor of
approximetely ten in running time. This has been done on the
IBM/360, increasing the size to 175 nodes with the increase in

] machine time as described.
The pregrem incluces these features. IPrint output may bve

obtained at each cycle of calculation, or at load levels which
are multiples of the load increments used, as desired, The
stress-strain relationship may be defined as a table of ten
points on a curve, with asutomatic interpolation. Alternmatively,
it nay be defined by the Ramberg-Osgood equation, with a refer-
ence stress, exponent and Young's modulus <8 input. The program
vill accept d:creasing steps in applied load. Unloading follows
Heoke's law when the node has been streassed in the inelastic

Lo

region. At any pre-determined load level, the program can be

* The tern 'node’ as used herein refers to either element cen-
troids for ccnstant strain finite elements or actual nodal
points for linearly varying strair elements,
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forced to spill all the memory tables and clues into a binary
save tape, then exit. This permits the programmer to inspect
his results and decide whether to continue the analysis from
that pcint, or to modify or abeadon the job. A timing feature
is built in the eoding, but temporarily patched out of the
AFFDL version, to allow this save tape to be generated upon
reaching a time estimate supplied with the data.

Each link of the program conteins the non~IEM subroutines
needed for operatvion. Siaendard input .output subroutines etc.,
will be taken from the library tape, As & point of information,
the program contains a main program and four overlays.

(1) LKONE reads the first control card, and reads all .
other decimgl input supplied. (

(2) LKTWO 1is used only on a restart job. It reads the
modified step table, if provided, and the binary input !
tape.

(3) LKFOUR 1is the processing link., It does all the

calculation, print control, and writing of print output
on tape 6.

(4) LKFIVE writes & binary tape for restart.

Sequencing and details of the data cards follow. The sym-
bols used in the program for various items of input data are
listed on page 153 and are shown on the sample key-punching
sheets, pages 160 and 161.

The data cards are used in the following sequence, irmedinte-
ly after the $DATA card required by IBSYS:

(1) General clue card (FORMAT 1) containing KLUL, KLUT,
NA, fDE, GNU, and a title or caption.

(2) Table of load steps desired. Up to ten cards defining
ten steps mey be used. The mexdmum level for each load
step may be above or bel~w the previous maximum level
of load. The program verifies the algebraic sign of

the increment, and corrects it if necessary. Each card
152
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contains four varisbles TEMP1, TEMF2, TEMP2, TEMF: in

FORMAT 2.

Dat4a matrices.

These may be provided jin eny sequence.

Each matrix has & header card in FORMAT 3, one or more
data cards in FORMAT L4, and a blank card to end it.

The last input matrix on the system input tape must Ye
followed by one added blank card (two total) to trip
the progrem into operation.

(B) Symwbols and Format of the Data Cards

(1) Genera) Clue Card - FORMAT 1

Cols,

1

6-8

9-14

Field

Il

I3

Symbol
Kk

B

GNU

152

This gives the number of input
patrices on the auxiliary input tape
logical #9. If all matrices are

on the monitor tape, leave this
blank., If using binary restart tape
on #8, use a digit from 5 to %
Maximum riumber of decimsal input

matrices on the auxilicry input
tape is L,

O, or bienk; prints output ¢n cycles
indicated by the step table; 1
prints on all cycles.

This sets the frame size for the
problem to be handled. NA 1is three
times the aumber of nodes. Maximm
value is 1C2 (34 nodes).

This indicates the number cf load
conditions for deflection celcula-

tions.

Poisson's ratio "nu"
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(B) Symbols and Format of the Data Cards - (Continued)

{1) General Clue Card - FORMAT 1 (JVontinued)
Cols. Field Symbol

15-80 1146 TA Any 66 characters of alpha-pnumeric
text to be printed as a heading fcr
identification purposes,

(2) Teable of Steps (limited to ten entriss) - FORMAT 2
Cola, Field
1-6 6X Not used.

7-10 Al 10AD indicates & load step, TAFE
indicates write memory on a save-
tape on logical #11 then exit.

ESTM indicates & time =stimate in
minutes to automatically terminate
run, ESTM does not count as one of
the ten iocad steps.

FINS or blank indicates end of
table (this may be thne 11th card

in the table).

11-20 E10.6 Upper limit of step in pounds or
estimated time in wminutes,

21-30 E10.1 Interval or increment for calcula-
tion,

31-Lk0 E10.1 Interval or increment for prin: out-
FTut. Prints are generated on tape
6 for the current cycle when the
current load level is an integral
mltiple of the print interval. If
the print interval is left blank,
no prints are generated for cycles
in this step., If print interval is

15k

et € s o e bl




e JUT: SrpemIriaw -+ & SRR Lo r i aut

T~ R——ee

g

n e

L

Tr, T IR

ol LT

- py

(B) Symhcls and Format of the Data Cards - (Continued)

(2)

(3)

Table of Steps (1limited to ten entries) - FORMAT 2 (Continued)
Cols. Fleld

31-ko E10.1 very small ccavared to the current
level, then numeric problems some-
times occur in the print control
subroutine (OUTFUT), and it may be
necessary to re-run with the every-
cycle print controi "1" for KIU7
punched in the first contr¢l card.

Li-80 Ignored.

Data Matrices - KHeeder Card - FORMAT 3
Cols. Field

1-6 (.4 Not uged,

7-10 Lx Not used. We use the letters MIRX
for compatibility with the GISMD
Matrix System, which reads and
writes metrices in this format.

1 1X Not used.

12-17 A6 This is the identification name
for the input matrices and aust
correspond exactly with one of the
following names:

bbbSIM ;Matrix of stresses for appli~d loeads

cr SIMbbb (meximum size 102x1

bbbSIJs Matrix of stresses for member strains
or SLIbbb) (maxiwum size 102x102
PTEIGN 7Tavle of stress values 1llxl %

bPTEFSN Table of strain values 1lxl

153

-




(B) Symbois and Foimet of the Data Cards - (Continued)

(3) Data Matrices - Header Cerd - FORMAT 3 - (Continued)

Cols. Fleld

3

y

j

3

1

; 18 1x
19-21 13
22-24 13
2t 0

-

or

or

These two matrices define

the stress-strain curve as

a series of chords. The
dats ig entered in this for-
mat, merely to conform to

the format of the SIM=-SIJ
matrices which were generated
using the GISMD Matrix System.
Hote that the first value in
both TSIGR and TEPSN mst be
zero to avoid upsetting the
interpclation procedure.

DIMbtb

bbbDIMi Matrix of deflection for applied loads
maximim size 102x1

bbbDIJi gMatrix o? deflection for unit induced

DIJbbd) (strains - maximum size 102x102

RAMOSG three parameters for Ramberg-Osgcod

oy

ico - refersuce siress, eXpoucui

and Young's modulus,

Not used,
RNumber of rows in this matrix.

Fumber ~f columns in this matrix,

Not used.
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(B) Sy+ols and Format of the Data Cards - (Contimued)

(4) Duta Matrices -~ Data Cards - IJRMAT L

Cols. Field

1 31X Not used.

2-h I3 Row index for the first element. ,

&7 I3 Column index for the first element. I

8-23 El6,8 The first element on this card. E

24 X Not usged,

25-27 -3 Row index for the second element. j

28-30 I3 Column index for the second ele- 5
ment,,

31-456 El6.8 The second element on this card,

47 1X Not used.

48-50 13 Row index for the third element.

51-53 I3 Column index for the third element.

5469 F16.8 The third element crn this card.

70-80 Not used.

The last card of a matrix must be completely tlank (tested
in Col. 2-4). The last matrix on the Monitor input tepe 5 must
be followed by one added blank card (two total) to trip the
program into operation.

The input matrices on the Monitor tape may be in any se-
quence as long as each matrix starts with a header card, has
ell its date cards next, aml ends with a blank card.

(C} Romberg-Osgocd Fquation

el e

If & run encounters thz name RAMOSG in the data matrices,
an internal clue (KIU4) ie set and tha run will use the three
input parameters with the Ranberg-Csgood equation for stregy-

157 '
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(C) Ramberg-Osgood Equation ~ (Continued)

strain relationships, Note that the =econd value in TSIGN

(TSIGN(2)) must be provided to indicate the effective stress for
start of plasticity. Without this value, plasticity is assumed

to start at zero streas level.

(D) Stress~-Strain Curve

If & run has not found the Ramberg-Osgood parameters, it
will celculate Young's Modulua from the first two points in
Tables TSIGN and TEPSH (Table of SIGm& sub N and Table of EPSilon
sub K). TSIGN (2) is elso used to define the start of plasticity.

(E) Restart Procedure

If the run being set up is a restart, the input deck can be
in several forms. The first control card must bave a digit from
5 to 9 in KUk so that the program will resd tape 8§; KLU7 is read
from this card. The other factors are carried from the previous
run.

The table of steps may be read in again (modified) if the
previous run is stopped due to the time estimate, or it may be
retsined and continued from the previous run. However, if the
previous run is stored on tape by using a TAPE card in the step
table, then s new step table must be read in.

In either case, the last data card on a restart job must
be FINS or blank ir columms 7-10. This means a restart data
deck will have & mininmm of two cards (clue card and & blank),
or a meximum of 12 cards (clue card, 10 step cards and s FINS or
brenk).

(F) Time Estimstes

For time estimates, allow 3.5 minutes to compile the For-
tran, 1.5 minutes to read the input tape, 2.0 seconds per cycle
printed; and 100 te 110 cyecles of calculation per minute.
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(G) 8pecial Input Formats and Options

The plastic &analysis program was set up to ure common matrix card
formats for the auxiliary tape as well as the system input tape, due
to the simplicity of the logic required to switch between the units.
Origiral formats were those used in the GISMO matrix package. The
formats used on the auxiliary tape were modified (as an option at "complle
time") to accept formats from a later matrix peckage (COMAP card
imeges) on the euriliary tape. “he option has been extended to include
FORMAT matrix package card images an the suxiliary tape only, still
using the original card formaits on the system input tape. The option
1s sBelected when compiling the program, It is not set by clues at
execution time. The card formate are illustrated on the sample key
punch sheet8 pgs. 160 and 161.

Internal clue NFC is set to U to use the original card formats
(#3 end #4) for the auxilisry tape as well as on the system
iaput tape. If NFC = L0, the progran will expect COMAF card formats
{#43 and #44) only on the auxiliary tape. If NFC = 42, the progrem
will expect FORMAT cards (#45 and #46) only on the auxiliary tape.
Note that all these clues, formats and modified lists are provided in
the program, with identifying ccmpent cards. It is only necessary to
reproduce the desired card for NFC dropping out the C from ecolumn 1
(ané adding C to the conflicting cayrd) and the program logic will be
mdified,
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APPENDIX B INELASTIC STRUCTURAL ANALYSIS PROGRAM - FLOW CHARTS

The Main Program 1s Simply an Overlay Culler. The Clue (IEXIT) to
Direct the Main Program is Set in Each Overlay, as Determined by the
Date and the Executicn of the Problemn,

-ul Go To (1,2,3,4,5,6), IEXIT | 6

i

ENTER TWOL ENTER FOURL ENTER FIVEL
Read In Step Set Print Con- Write All
Table And érgl-lboim Tables In
Saved Binary alculations. Mewory On A
Datsa Write Al 'Save Tape
Oatput
Read in A1l
Decimal Data IEXIT = 4
. ! ' 4 Is
TEXIT A Saved
=Y Tape Needed? No
RETURN Time Estimate
Or Input
Clue
IEXIT
- 2
Yes
IEXIT
RETUPN IEXIT

S

OVERLAY LOGIC
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yrTAR TR

Enter ONEL

Initielize

Poisson's
Ratio Supplied?
+ or -
(oy)

p——

Poisson's
Retio
= 0.3

Radiasaa ]

999
Is Write
1 Control Word Maann oe
- 8 - - P Rathe
; Valid? “Exit

Store Control
Information in

List of Steps
& Increments




9

7" If (KLok)
e There Matrices
Or Auxiliary

Ie(X105)
Do Any Matrices

Remain on
Auxiliaxry

Write

Message
-Exit

Yes

>z 1306

‘Set INTAPE
= 9 to Read
Tepe 9
1
Subtract 1
¥rom Count of
Matrices on

Yes |

Axiliary
Tape 9

¥irst Element Zero/
N

Store Elements
in Proper
Array
L

Calculate "E"
from Stress-
Strain Table

rite Oout N
Stress-Strain
Table

Initialize
Cycle Counter
and Load

Revwind Auxiliary

Tape If Used

‘161;

{ IRXIT = L
Return



o 3

_ ‘ Enter TWOL ’
3

Read Saved Control
Variables, XIU6 1e
" . Used From This
i Run's Initial Clue Card

1
@:Hze Headings

esd Binary
trices From

Message Vord Valid M
Exit 1liary Tu

Store Control.
Information In

Write out

Modulus of
Elasticlity and
Shear Modulus
Reasd Saved
Write Tables of Control
Message Information
Exit Write Out

Stress-Strain
Table

Skip Over Saved
Control Tables
. Arrays PMIM and
KPMIM

'List of Steps
And Incrementg

IEXIT=L
Return to Main

165




[ === = e e mmc e m s e . - -

TESTS TO DETERMINE IF THE CYCLE
SHOULD BE PRINTED

1. FIRST CYCLE OF ANY NEW RUN
(kK =1)

2, FIRST CYCLE OF ANY CONTINUATION
RUN (KERRSW = 2)

118
XI1J6 = O PRINTS SELECTED
1“‘1,2“1““’" CYCLES ONLY
rk I |
Areas /!
) e /7
151 P
Incremant the Cycle L/
Counter. Set e
KIDe = 1 R
to Bupprees o
Print Output .7

Perform Checks to

S8ee 1if thims Cycle

Should be Printed

(KIU2 = 0 to Print
the Cycle)

316

Set Print
Control on
(K12 = 0)

Back Up One|
Level in
Step Table

302

Increment
I Rov in
Table By 1

et J2h as 4 Clue
. 1 = Load Step

2 = Not Used -
3 = Save Tape lE I

166




Set 1nt
Control on
|(xaw2 = 0)

Write Out

308 I
Set Load Increment
Equal to Table

Value
154

Increment
load

324 |

.[Call Subrout, ‘Output”
to see it this lLevel is

terual and Should be
Printed

a Multiple of Print In-

No

327 [Reset Print

Control from
Subrout. "Output"

i

167

Save Preceding
Cycle Values
Tor Effective
Plastic S'I;r.'a.ivui

L
Compute Node
S%resoes and
Deflectious

Yer
¥rite Out
_Dzfdactions

Compute
Effective
Stresses

Eowuﬁe Effective
Plastic Strain
using Table, or
Ramberg - Osgood
Equation if KIlU3«l

Compute Total
Effective Strain,
Effective Strain

TERITN

Changes
|

Compute Node
Strain Change,
Node Inelastic

Strain




Require a Restart
Tape;(J24 = 3)




{Enter FIVREL}

Write Various

Control Clues

and Single-
Valued Variables
on logical Tape 1l

Write Matrices
To Be Saved For
Re-Start On loglical Tape 1l

Print Message To
Operator To Save
Tape 11 For Re-
Start At This Point

~ Write
End-of Files
on Tape 11

Rewind
Tape 11

Call EXIT
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«UNCS.
UihlT00
S13.1AP

.UNAQ.
UNITZ9

g
SI0MAP

eUdlle.
LNITIL

TARPZ 8
TAPLLS
ENTRY
P2C
FilLE
st
TA L 2
TAPE L9
CLNTRY

4
FILE
END
TAPE 11
TAPE11
ENTRY
PZE
FILE

EMD

P

T =l s DU T T = lo Y UNIT LG o LILITOL Y IV A G
o] tNGEE L0 IS i il el R Sedab S RLET IR Baab il IS 1IN PRI PR LTI I L
I35 USSC 720 % 31.0AY INPUT TARD Zaval Rl enIviave
LS,
uUnITe
s LI CUNT S INIUToELin=CS 005 IN
15 JSZL FON A =2C2 MATRIX LEPUT TASZ (5 slLliey T.0D)
dUNT9e
UNITRe
b T e AEe ety e o o~
s TKL M OUNT oMy UT9BLX=1402C0
15 USLS FOR A SINAKY CAVE TArc rid CunTinvaTich RUVaI

eUN11l,
UNITI
s LBG4IREALY sOUTPUTsBLK=2564LIN
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sUNTS.
UiITOS
c13.1AaP

oUNNS,
UNITC9

g #
SIRMAP

Uil
LNIT11

TI“ . -: -)8
TAPLLS
ENTAY
P2t
FILE

1)
TASL 20
TAPL L9
LNTRY
nze
FILE
END
TAPE 11
TAPL11
TNTRY
PZE
FILE

£MND

, N gy ey - . .. - .
W T =0l o DU T T clo Y UNIT a9 LLITUL NI S
LY R - ~ny . - yow -, Lew -
up'b\:-:L'SL‘\T"--”&"u-!l-“""'.z;b ~—'.9°._HAT1$.

- - - Ve o, repy = . rvey Y
I5 USSe T2R % BIAY INPUT TAPLS (Zavyas il TRV IAVE 1l

unliT.§
s Lo s CUNT HINI LT el E0e 2 IN

IS JSZL FOM A 2C2 MATRIX LrPUT TAVZ (Soolkliany T.00)

) U:‘:’J\go

UNtiT e

s TK1aM UL T e 1N UV e BLR=1498CL

15 USEDS FOR AldINA&Y CAVE TAre Pl COnTinumTiCh RV
.UNII.

UNIT11
s LG REALY sOUTPUTELK=22564L 1IN

Best Available Copy
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S apeeiena

AARNAADNDANADNADNADNANANAAANANONABNAAANECENANANONRANANNOADANONAD

GHUNMMAN AEROSPACE CORP., DECK NO. 435528 _MATN PROGRAM

MATRIX AHALYSIS FOR [SOVROPIC ENELASYTIC STRUCTURES
IN THE PLASTIC REGIME

THIS PROGRAM WRITTEN FOR AIR :‘ORCE CONTRACT F336i5-69-C-1263

* ¢ »

*
_ DEFL
DELEPK

DEL EPN
(o] B¥)
Cin
EPBARN

EPBARP
EPS UK
KPNTM
PUT M
SGBARM

SGBARN
SGB ARP
SIGUX
SiJ
SIM
YEFSTN
TEOSN
TOV Eies
TSIGN

KERRSY

KLU3
KLUA
K{US
KLUO
KLu7r
KSZT
Ka

NC

" FOR K~¥H CYAE

-

MATRIX OF NODE STRAIN CHANGES IODELTA EPSILON)

‘MATRIX OF EFFECTIVE NOOE STRESSES FOR PREVIOUS CYCLE

TABLE OF SYMBOLS USE€0 e e e

ARRAYS & &
MATRIX OF NODE DEFLEC VIONS

FOR THE X AND Y DIRECVEIONS. AND THE SHEAR STRALM CHANGE
MATRIX OF EFFECTIVE INELASTIC SVRALM CHANGES -
MATRIX OF DOEFLECTIONS FOR MEMEBER STRAINS
MATRIX OF DEFLECTIONS FOR APPLIED LOADS
MATRIX OF CFFECTEVE INELASTEC STRAINS (EPSILON BAR SUB N}

MATRIX OF EFFECTIVE INELASYIC STRAINS (EPSILON BAR SUB N)
FOR K—1 CYCLE (THE PRECEDING CYCLE) T T
MATRIX OF NODE PLASTIC STRAINS (EPSILON SUB U) FOR THE

Xe v AND SHEAR STRAINS: FOR YHE K~TH CYCLE h
TABLE OF CONTROL CLUES (LOAD STEP. WRITE SAVE

TAPE) READ-IN ~ONTROL I)FORMATION USED WETH PNTH
TASLE OF LDAD INCREMENTSs PRINT CONTROL INCREMENTS AND
UPPER LOAD LEVEL PER STEP (CONTROL {WMFORMATIOM
MATRIX OF EFFECTIVE NODE STRESSES FOR LASY CYCLE THAT

SHOWED AN INCREASE AT A PARVECWULAR NCDE
MATRIX OF EFFECTEYE NODE STRESSES FOR CURRENT CYCLE

MATRIX OF NODE STRESSES (SIGMA SUB U) FOR K-TH CYCLE
MATRIX OF SYRESSES FOR MEMBER STRAINS
MATRIX OF SVRESIES FOR APPLEIED LOADS
MATRIX OF TOTAL EFFECTIVE STRAINS
TABLE OF STRAIN VALUES DECINING THE STRESS-STRAIN CURVE_
MATREX OF VOYAL MODE S¥Rains -
TABLE OF STRESS L»_E_V_E_'-__S DEF INING THE SIRESS-STRAIN CURVE

VAR I ABLES ANO CLUES L ‘
HOOULUS OF @LASTICITY
INPUT EXPONENT FOR RAMBERG~0SGCOD FQUATION
POISSONS RATIOD

THE DATA INPUY TAPE (MAY BE AN AUKIL!ARV TAPE OR
THE SYSTEM INPUT TAPE — VAREES DURING INPUT PMASE)
THE CYCLE COUMTER

CLUE USED FOR TEMPORARY INDICATOR BDETYWEEN LENKS
ALSO AS AN ERRCGR INODICATOR FOR CLINK 1| ONLY

CLUE INDICATING USE OF RANBERG~-0SGO0D EQUAYIOM ~
CLUE [NDICATENG TOTAL COUNT OF MATRICES ON AUXILI ARY TAPE
CLUE INDICATING MATRICES SVILL NOT READ FROM AUXILa TAPE
CLUE FOR PRIENT CONTROL (WHICH CYCLES)

INPUT CLUE FOR PRIENT CONTROL. (1 TO PRINT ALL CYCLESY
CLUE FOR THE LOAD LEVEL CURRENTLY FN USE

3 TEMES THE NODE COUNTY (INPUTY B Tttt o
NUMBER OF NOUVES

174
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R

THE AUXILIARY MATREX DATA INPUT TAPE o N 3

NAUX -

NIN - THE SYSTEM ENPUT_ TAPE _ o o

NOUT - THE SYSTEM PRLINT GUTPUY VAPE i
P ~ CURRENT LOAD LEVEL A L ]
SHAMOD — SHEAR NODUL US 1
S?7 «~ (NPUT REFERENCE SVRESS FRR RAMNBERG-OSQO0QD _EQUATION = _ . ]

OUTPUT — SUBROUTIME TO CONTROL PRINTING AY VARYIHNG LOAD LEVELS

E.ASTIC UNLOADING (FALLOYS HOOKES LAW WHEN UNLOADI NG)

nADAADANDD

e, At

DIMENS ION TALFIZ2{ 11D +VALF23C 11),TALFIL1{11) . VALFAL(]])
OIMENSION AL 1212(387eAL 12230303 +AL1235133) oALFAGS (4}
OIMENSION PMTH{10+3)KPHTM(210)SIM(202)+SK J(102,102),TSIGN(LID)
DIMENS ION TEPSN{ 11D<SIGUK]{ 102) ,EPSUXI102) « SGBARKI3A) SGBARP(I4}
DIMENS ION SGBARN{ 34 ) +EFBARNC 341 .EPBARP (34 .,DELEPN(34) =
DIMENS 10N DINC102)eDII(1L02¢102) ¢DEFL (2 Q2)

COMMON _/COMA/  KLU3+ KLU XLUSeKLUG«NA o NC o NDE I NTAPE +NENNOUT s NAUX
. K KCARSW o KSET » RUREST , E ° EXP s S7 3
GNU SHRMOD o« PM_ o "
PMTM KPMTM

 msten . i e

. ¢« SIM e ODINM + DEFL ¢ TSIGN ¢« TEPSN
TALF12 o+ TALF23 , TALF31 « FALFAS o ALI1212 ., ALL223 . ALI23).
ALFA48 o SIGUK o EPSUK o SGBARN . SGBARP , SGBARM  EPBARN
» EPBARP » DELEPN o SIJ _ v OFJ e e i
1 CALL ONEL(IEXIT)
GO T0 t0 . )
2 CALL TWOLU(IEXIT) 1
GO YO 10
3 CONT INUE
& CALL FOURL({IEXIT) ]
60 YD 10 ;
§ CALL FYIVEL(IEXiT) ) o ) o A ) 3
9
4

N2 WN
e o o o

- . - - . - = i 1

10 CONTINUE
WRITE(G: 1) BEXIV
GO TO (1426308954060 1EXIT
6 CONTINUE
CALL EXIT
11 FORMAT(10HL [EXIT = o12) S o P
sSTOP E
END E

Note: Subroutine OVRTIM, listed on Fage 190, is put in the root
segment of the prcgram, after the main program, so it will
be accessatle tc all 1{‘.5 callers.
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SUBROUTINE IONELC(TIEXIT) o

c GRUMMAN AERCSPACE CURP. DECK NO. 45128 LINK 1
DIMEMNSION TALF12(11),TALF23(11)TALF31(11).TALFes(11)
N DIMENSION AL1212(38),ALL223(34),AL1231(34) ALLFAS4(34}
DIMENSION PMYM( 10,35 ¢PMTM( 103 +STM{102)¢SIJC102.102)TSIGN(L1}
DIMENSION TEPSN(11)+SIGUK(102) sEPSUK(102) ,SGBARN(34 ) « SGBARP( 34)
DIMEMNSION SGBARM(34) .EPSARNI34) +sEPBARP(34) DELEPN{34)
DIMENSION DIM(102) eDIJ(102+102) +BEFL(502)
DIMENSEON BL(G6)eIOC(L2)sNR(3) «ND{3DoEL(3)TA(L1)
L _DIMENSION PSTYEP({2)
"DIMENSION NFA(1) 4NFB(1)
COMMCN ZCOMAZ  KLU3 o KLU s KILUS o KI.US ¢ NA s NC o NDE o INT APE ¢ NINs NOUT ¢ NAU X
2 0 K + KERRSW  KSET + RUNEST » E » EXP s S7
] 3 ¢« GNU v SHRMOD o+ PM
o 8 o PMTM o, KPMTH , SIM o OIM ¢« DEFL o+ TSIGN o+ TEPSN
5+ TALF12 o TALF23 , TALF31 o TALF44 o ALI212 » ALL223 + AL123¢
& +» ALFASL , SIGUK o+ EPSUK + SGBARN o SGBARP , SGBARM , EPBARN
7 » EPBARP o DELEPN , St1J s DI Y
o DAYA BL/3I6MNLOAD VCID TAPE FINS ESTM 7
DATA ID/ 72M SIN SIJ TSIGMN TEPSN DTN DIJRAMOSG SIN
T 1S1  OIm oty Vs
L KERRSW = 1 B
- TINTAPE = NIN
NFAC1) = 3
o NF3C(1) = &
c
K4 ® % SELECT CLUE NFC AS APPROPRIATE WHEN CCMPILING e ®
[ NFC = 0 FOR GISMU CARD FORMATS ON AUXILe TAPE (SIMcSIJeDIN.DIJ)
T T TTTTNFE = 0
C NFC = 40 FOR COMAP FORMAT caaos WHEN DEBUGGING {SIM:SIJ+DIMDIJ)
T T TTTTUUNEC = a0 '
C NFC = 42 FOR FORMAT PACKAGE DECIMAL MATRIX CARD FORMATS ON
T oTe TUTTTTTT T CAUXILTARY TAPE 9 ONLY (SIM.SIJ.DIN,DIJS) FOR AFFDL
c NFC = 42 _ o
e - MR &
c KLU3 = 1 WILL INDICAYE UST OF THE RAMBERG-03G00D EQUATION
K ' FOR ST2AINS, NOV A TABLE INTERPOLATION
KILUZ = 0O
‘KLUS = 0O
KLUG = O
T PSTEP(L) = 0.0 i
PSTEP(2) = 040
" 'PSTEP({3) = 0.0
RUNESY = 120
e e
KO0OOFX = 3
TTETTTTTYTIMING RUUTINE DISABLED
C IT = ICHRON(KOOOFX)
- DO 51 J22=1,10
51 KPMTM(J22) = O
- T T LROW = O
READ (NIN3s1) KLUSJKLUZ7+NASNDE »GNUo {TA{T) ¢I=1411}
WRITE (NULUT.21) (TACI)eI=1,11)
¢’ KLU? (INPUT) = 0 TO PRINT ON SELECYTED CYCLES

iT3



i C KLU7 (INPUT) = 1 TO PRINY ON ALL CYCLES
IF(KLU7) 384, 284,282
382 KLU = 1
KLUS (DUTPUT) = 1 TO PRINT EACH CVCLE. O TO PRINTY SELECTED CvcoLes
384 CONTINUE
< KLUS = S TO 9 FOR A CONTINUATION RUN
C = 1 TO 4 FOR INPUT ON AUXILIARY MATRIX TAPE NAUX (9)
< BDECINMAL INPUT CARDS MUST ALWAYS B8F IN INFUT STREAN
C DECIMAL INPUT TAPE MOUNTS ON LIGICAL UNIT NAUX (9}
IF(KLUA.T.1) GO YO 3C2 :
IF(KLUA.GT.4) GO TO 344
TTTTTTTTTTTTTGE To 343 '
344 CONYINUE
T T 7T SAVED TAPE FROM PREVICUS RUN OF INELASTIC PLATE
C THIS RUN IS A CONTINUATION
' T TEXIT = 2
. RETURN
TTTTT 343 TEONT INUE
i C SEPARATE MATRIX INPUT TAPE -~ NOT L INPUT STREAW
T €T OTYHIS RUN IS A NEW ONE
INTAPE = NAUX
TRLUS = KLua '
302 CONY INUC
TTTTTETTTTTUNEW RUN - ALL THE INPUT 1S DECIMAL IN THE INPUT STREAM
WRITE (NOUT.9}
83 PEAD (NINs2) TEMPL,TENP2 .TEMP3, TENPS
LROVW = LRCW ¢ 1
700 83 J22=1,6
IF{TEMP1.EQ.BL(J22)) GO VO 54
TTTTTTTTEICCONTINUE T T
< RAD CONTROL CARD
TTTTTTT T OTWRITE T (NOUT, 12) (CRUW
WRITE (NOUT,2) TEMP! sTEMP2+TEMP3I o TEMPS
G ta 998 . '
54 GO TC (55¢66:¢55960:60,65),922
T RS fFILROW~10)56,5€& .23

C

PMTM (Ne2) INYERVAL (INCREMENT) FOR CALCULATION
TTTTCTTT PRYM TN, 37 S INTERVAL (INCREMERTY FGR PRINT SUTPUT
S6& KPMTM{LAOW) = J22

T PHTMI{LROW.1) = TEMP2

C KPMTM. N ) = 1| FOR A LOAD STEP
T TTTTTRPRTME N ) = 2 NOT USED )
C KPMTHM( N ) = 3 TO DUMP MEMORY INTO A SAVE TAPE
T < "PATH {(Nol) = UPPER LIMIT OF STEP
C =

TEMP € = TEMP2~-PSTEP(J22)
T T UUPHTMILROW, ) F STIGNUTEMP3, TEMPS )
PSTEP(J22) = TEMP2

T T T IR IPPTHILROW .20 057,63,57
63 GO T0(995.995,57)+J22
BY CONTINUE -
PMTHM (LROW,3) = TEMPS
. "GO0 TG 52
65 RUNEST = TEMP2 - 1.0
SRR LRON T = LRDG - Y
GO TO S2
e 60 CONT INUE
iTh




DO 3£ J23 = 1,1¢
IF(KPHYU(J23’)3519363o362
362 IF(KBMTML 223 )-4) 363,361 +361
363 424 = KOMYMN(JI23}
GO YO (3€4.3€C0,3€¢8),4Za
368 WRITE (NOUYe22) PHRYM(I23I2) PMTHREJIZ23.4)
IF{PHEYM(J23,23) 361,361,365
. 365 WRIVE (NOUT,23) PMTM(J23.3)
; GO YC 361
368 WRITE (NOUT2%)
361 CONTINUE
E. IF{GNUIBG6E,AT+87
86 GNU = .3
87T CONY INUF
IF{(NA)Q9G¢9] 592
91 NA = 102
22 1F(NA-10Z) 930930999
93 CONT INUE '
Q6 lF(N&“S*(Nﬁ/E)’9990979999
QT NC = NA/3

RN L L AT R L T RS XY Tl a2 v, ]

e e e TR~ e MR St T

DO 3083 121 = 1.11
TSIGA(I21} = 040
303 TEPSN(IZ21) = 0.0

{ TF(KLUS) 308,308,306
306 CNNT INUE
' INTAFE = NAUX
KLUS = KLUS - 1
C STATEMENT 108 READS IAPUT STREAM O/ AUXILIARY TAPE NAUX (9)
108 CONT ENUE A
IFCINTAPESEQW.NIN) GU YO 1108
| IF(NFC-40) 1108,21C8,3108
! C GISMC FORMAT CARD READING LIST
i 1108 READ (INTAPE, 3} NAME JNROWS,NCOLS
GO TO 1001
c COMAF FORMAT CARD READING LIST
2108 READ (INTAPE 43} NAME 4NROWS .NCOL S
GC TC 100!
! c AFFDOL FORMAT CARD READING LIST
I 3108 READ { INFAPE 445) NROWS¢NCOL S+ NAME
1001 CONT INUE
DO 11C 121 = 1412
IF(NAME~TID(TI21))110¢312,110
110 CONT INUE
C AAD INPUT = MATRIX NAME NOT ACCEPTABLE
GU TG $97
311 GO TC (3216322+32392246325:326,8T72,111,321,322,325,326),121
321 DO 321 11 = 1eNA
331 SIM(I1) = 0.0
WRITE (NOUT,20) NAME ¢NROWS NCO. S+ INTAPE
IFINROWS «NE «NA) KERRSW=2
IF(NCULS.NEs1) GO TO S90
"G TG 111
322 NDO 322 11 = 1a.NA
NO 322 12 = 1e«NA
332 SIJ(E1412) = 0.0
WRITE (NNUT,20) NAME ¢NROWS ¢NCOLS s IMTAKE

e P AR g = e e e
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3285
335

349
32q

336

"TEPSAN(I1)

IFI(NROWSJEQaNCOLS) GO TU 433
WRITE (NDUT,33) NAME +NROWS.NCOLS
KFRRSW = 2
GO YC 468
CUNT INUE
CONT INUF
GO TC 111}
0o 323 |1
TSIGN(IY)
GO TG 111
00 324 11

1011
0«0

.
[T ]

1e112
00

GO TC 111

DN 32& 1 = 1.NRCWS

CIM{IY) = 0.0

WRITE (MOUT.20) NAME ¢NROWSsNCOLS, INTAPE
IF(NCOLS.NE.1) GO TO $90
IFINROWSEQ.NDE) GO TO 449
KERRSW = 2

WRITE (NOUT,30) NROWS e NAME ¢ NOE
CONT INUE '

GO TC 111

DO 3326 11 = 1,NRCWS

DO 326 12 = 1.NCCLS
DIJ(I1s12)= 0,0

" WRIYE (NOUT,20) NAME sANROWS«NCOLS, INTAPE

461

472

111
112

1112

2112

3112

t002

109
308

113

IF(NFOWS.EQ.NDE) GO TO a6l

KERRSw = 2

WRITE (NOUT»40) NRUOWS ¢NAME NDE

CONT INUE

GO TC 111

S7 = 0.0

EXP = 0.0
z 0.0

KLU3= 1

WRITE (NOUT,37)

GO TC 111

IF(1Z21.EQ«8) GO 70 1S5S0

CONT INUE

IF{INTAPEL.EQLNIN) GO T0 1112

IF(NFC~40) 1112,2112,23112

GISMC FORMAT CARD READING LIST

READ (INTAPEs 4) (NR(I22)ND(I122)EL{(122),122=1,3)

GH TC 1002 .

COMAP FURMAT CARD READING LIST

READ U(INTYAPE+.44) (NR(I22)ND(122),EL(122),122=1,3)

GO YO 1002 _

AFFOL FORMAT CARD READING LIST

READ (INTAPE ,46) (NR(122) NDO(122),EL(122)+¢122=1,+3)

CONT INUE

IF(NR(1))996+109,113

IF(KLUS)308,308,3C6

INTAPE = NIN

GO TC 108

GO TO (12301220125012642014202¢874,150,51216122,201+202),121

READ IN ARRAY SIGMA-IM
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121 MROW = NR(1)
WRITE (NOUT,.4) INRCI22) oNDUE22) GELCT122), 1221 ,3)
SIM (MRUW) = EL{l)
IF(EL(2)) 127,128,127
127 BROW = NR(2)
Sim (MROW) = EL(2)
128 IF(EL(3))129,112,129
129 MROW = NR(3)
SIM  (MROW) = EL(3)
GO TO 112
e & __READ IN ARRAY SIGNA-1J
122 MROW = NR(1)
___MCOL = ND(1)
SIJ  (MROW.MCOL) = EL(1)
IF(EL{2)) 130,131,130
" 130 MROYW = NR(2)
e e oo MCOL = ND(2)
Siy (MRUWMCOL) = EL{2)
132 IF(EL(3))132,112,132
132 MROW = NR(3)
MCOL = ND(3)
TSI4 T (MROW.MCOL) = EL(3)
GO TC 112
READ IN ARRAY TSIGN {TABLE OF SIGMA BAR N)
125 MROW = MR(1) ‘
7 YSIGAN(MROW) = EL{1)
" IF{EL(2))139,140,.,139
139 MROW = NR(2)
TSIGN(MRUOW) = EL(2)
7140 TF(EL(3))181,112,141
141 MROW = NR(32)
T T TSTGA(MROW) = EL(2)
GO TO 112
~ €777 READ IN ARRAY TEPSN (TABLE OF EPSILON 3AR N)
126 MROW = NR(1)
TTTTTTTTEPSA(MREW) = ELCL)
IFCEL(2))142,143,142
142 MROW = NR{2)
TEPSK{MROW) = EL 2)
143 IFC(EL(3))144,112,144
144 NROW = NR(2)
T T T TEPSA(MROW) = ELTI)
GO TG 112 ‘
"€ READ IN ARRAY DIW
201 MROW = NR(1)
T WRITE (NOUT,.a) (NRCI2Z) oNDET22) 4EL(122),122=1,3)
DIM{MROW) = £L(1)
TF(eEL(2) Y221 222 . 221
221 MROW = NR(2)
"7 DIM(MROW) = EL(2)
222 IF(EL(3))223,112,223
223 MROW = NR(3)
DIM(MROW) = EL(3)
‘0" YC 112
(o READ IN ARRAY D1 J
202 MROW = NR(1)
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224

225
226

MCQL = ND(1)
DIJOMROWL.MCOL) = EL(1)
IF(EL(2))224,225,224
MRUW = NR(2)

MCOL = NDt2)
DIJIMROWIMCOL) = EL(2)
IF(EL(3))226+112,226
MROW = NR(3)

MCOL = ND(2)
DIJIMROWSMCOL) = EL(3)
GO 7C 112

"READ IN CONSTANTS FOR RAMBERCG-GSGO0OD EQUATION T

474

150

165

166
L2 L

81

149

152

990
993
995

996

997

998

S?7 = EL(1)

EXP = FL{Z)

E = EL(3)

WRITE (NOUT,38) S7.EXP,E

GO TC 112

‘CONT INUVE ‘ ‘ C . T

END CF LOOP THAT READS DECIMAL MATRICES

IF(KLUA.GE+1) RERIND MNAUX )

00 1€¢6 1 1e11

TALF12(1)= 0.5

TALFZ3(I)= 045

TALFAU(T)= 05 o

TALFA4(1)= 1.0

IF(KLU3.EQel) TSIGN(2) = START OF INELASTICITY Seben

TSIGN(2) MUST BE SUPPLIED OR THE PROGRAM ASSUMES PLASTICITY
STARTS AT ZERO EFFECTIVE STRESS S

IF(KLU3«EQel) GO TO €1

E = YSIGN(2)/TEPSN(2) ' ' I -

IE = IFIX(EZ1004)

E = FLDAT(100%lE)

SHRMCD = E/Z(2.0%(1.0#GNU))

WRITE (NOUT+S) E sSHR¥OD.GNU

WRITE (NOUT,€)

DG 149 fi=1,11 ‘ T

WRITE (NOUT.7) I1.,VSIGN(IL) +TEPSN(IL)

‘K = 0

(2] z 0.0

IEXIT = 4

CALL OVRTIM(KOOOFX)

IF(KERRSWeEQe2) GO YO 993 ' o
RFTURN

WRITE (NOUT¢33) NAME .NROWS,NCOLS

GO TC 998

WRITE (NOUT,34) ' )
GO TC 998

WRITE (NOUT, 16) LROW

GC ro 998

CONT INUE

WRITE (NOUT, 14) NAME

WRITE (NOUT.4) (NR(I22)ND(222),EL(122),12221,3)
GO ¥C 638

CONT INUE

WRITE (NOUY,13) NAME

IF(KLUAGE+1} REWIND NAUX
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PEERT WIT

CALL EXEY

999 WRITE (NOUT, 11} Na

GO TC $%$6

FOCRMAT{211¢2I3.FE.3011A6)

FORMAT(G6X) A8 sC10e69E 100l o551062)

GISHE CARD FORMATYTS FGR TAPE 9

FORMAT(11Xs AGsl4e213)

FORMAT(3(I1Xe253,E18.2) )

3 FORMAT(26H1 MODULUS OF ELASTICITY = (Fl1.0.8H PSLs6Xe16HSHEAR NODU

“ILUS = oF116¢048H PSI eI SHNU = »F8e3)

_6_FDRMAT(41HO TABLE OF VALUES FOR STRESS-STRAIN CURVE /7
15X+ 26HPOINT SYRESS LEVEL STRAIN/16X e 3HPS I sOXs 7HING/INS/ /)

7 FORMAY(O6X,I3F13e2sF15u8)

9 FORMAT(//79H THILS ISUTROPIC RUN USES ELASTIC UNLOADING (HOOKES L
1AW) WITH STRAIN HARDENING)

11 FORMAT(10H ERROR NA=14)

[L IR JEEER J.F

12 FORMAT(26H ERROR=- INCREMENT CARD NO«sI3¢5H NeGo)

13 FORMAY(14H ERROR=MATRIX JAG}

14 FORMAT(17H ERROR~NEG.INDEX A6)

16 FORMAT(33H ERROR~NO INTERVAL—-INCREMENY CARD,(3)

20 FORMAT(//5Xe THMATRIX ocA6+1Xel348H ROWS X oI13,19H COLUMNS FROM TAPE
1 »12)

21 FORMAT(1H1,29Xs11AE) ,

22 FORMAT(SXs16HLOAD INCREMENTS +F9+2+11H PCUNDS TO +F10.247H POUNDS)

23 FORMAT(1H4,61Xs 1 SHPRINT OUTPUT EVERY +F9a247H POUNDS)

27 FORMAT{SX»334STORE WMEMORY ON TAPE 11, THEN EXIT)

31 FORMAT(LOX,(2) ‘

33 FORMAT(1AH INPUT MATRIX +AG+213+46H4 CN TAPE IS NEITHER SQUARE NOR
1A COLUMN VECTOR)

34 FORMAYT(7aH INPUT ERROR - INDEX IN INPUT MATRIX DOES NOTV MATCH CL
IUE 1N CONTROL CARD)

37 FOFMAT( /75X, 264HRARBERG=0SGOOD CONSTANTS)

38 FURMAT(S5X+22+INPUT REFERENCE STRESSF16.7/5X+18HINPUT EXPONENT,
IF10.8/5%Xs 1SHYOUNG®*S MODW.US+F11.0)

40 FORMAT(//7S5%s I3e16H ROWS IN MATRIX +AG+15H DOES NOTY MATCH, (4,

119H KOWS 11 INPUT CLULE/SX21HRUN WilL NOY CONTINUE/S/)

k COMAP CARD FORMAYS FOR TAPE ¢
43 FORMAT(11XsAEs4Xe13e2X,53)
44 FORMAT(3(2184E185.791X))

* SPCCIAL FURMATS FOR AFFDL FORMAT INPUY ON AUXILTIARY TAPF 9O ¢« &
45 FORMAT(UIX,214+57%+A6)
A6 FORMAT(IX3(21%,E13a5+1X))

END
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55
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SURROUT INE TWOLUIEXET)
GRUMMAN AEROSP ACE CORP, VECK NO. 4S:2A LINK 2
MATRIX ANALYSIS COF INELASYIC PLATE LINK 2
THIS LINK READS IN A SAVED BINARY YASE - FIRSY PARY
DIMENSTON TVALF 12061 ) e TALF23{112:TALF31(11)sTALFGQ(11)
DIMFNSION AL 1212134 ),ALE223(34),AL1231{34) JALFALS(3s)
DIMENSIGN PMTM( 10, 3D oKPMTHIIU) +SIMI102),S1 J(102,102).TEIGN{(11}
DIMENSION TEPSN(11)+SIGUKL 102) +EPSUK{102) + SGDARNIZIA) 4SGBARP(34)
DIMENSION SGBARM{34),EPBARN( 34),EPBARP( 36} +DELEPN(]3)

DIMENS ION DIME102).D1J3{102,02) DEFLILL02)
COMAON /COMA/ KLU KL UG KLUSs KLUG s NAJNC NDE o INTAPE (NI Mo NOUT s NAUX
« K ¢« XCRRASW , KSET v RUNEST + E e EXP « S7

« GNU ¢« SHRMOD . PM

v PNTM v KPMTM ¢ SIM e DIM « DEFL +« TSIGN + YEPSN

o TALFIZ2Z v TALF23 , TALF31  TALF44 , ALLI1212 4 ALI223 + ALIZ221

« ALFAMS , SIGUK « EPSUK ¢+ SGRARMN , SG8ARP , SGRARM o+ EPBARN

+« EPBARP , DELEPN , SIJ » DEY

OIMENS ION 8L{6)
DIMENSICN PSTYEP( )

DATA BL/736H.0AD VDID TAPE FINS ESTM 7/

INTAPE = NAUX - 1

READ ( INTAPE) KLUISKLUSKLUS, NA s NC o NDE & NI N s NOUT
2 » K ¢+ KERRSW , KSEY « RUNESY , E +» EXP +» S7
3+« MU « SHAMOD ., PM

KLUG6 = 1 Wil PRINT EVERY CYCLE, O WILL PRINY ONLY SELECTED CYCLES

WRALTE (NOUT,9}
NCLU = 1
KERRSY = 2
DD S1 ta2 =
KPMTYM({ [42)
PSTEP( })
PSYEPL 2)
BITERPI3) =
LROW = ¢
PEAD (NINs2) TEMPI.TEMP2,TEMP3 . TEMFA

LROY = LRAROW +

DG 53 J22=1+6

IF(TEMP1.SQaBL{222)) GO TO S9

CORTINUE

8AD CONTROL CARD

WRITE (NOUT,12) LROW

WRITE (NOUY«¢?2) TEMPI.,TEMP2,TEMP3, TEMPS

CALL EXIT

GO TO 15%+66355¢60,60,65), 422

IF{LROW—-10156, 56,53

KPMTMI N )} = 1| FOR A LOAD SYEP

KPMTM({ N ) 2 NGY USED

KPMTM( N ) 3 70 DUMP MEMDRY INTO A SAVE TAPE
PMTM (Ne1) UPPER L IMIT QF STEpP

PMTM (N, 2) INTERVAL (INCREMENI) FOR CALCULATION
PMTM (N, 3} INTERVAL (INCREMENT) FOR PRIMT OQUTRUY
KPMTM({LROW) = 422 ’
NCLU = 2

"
—
o

t
[l =3yl

]
QO QO-

Honon

a4 N
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NHNo

63
57

6S

66

60

62

61

6a

362
363

k.Y

365

363
361

KSEY = 1

PMYM(LAOW. L} = TEMP2

TENPS = TEMP2-PSYEPRP( J22}
PMTM(LROW, 2)= SIGN(TEMP3,TEMFRS)
PSTEPL J22) = TEMPZ

IF(PRTMILROM2)157¢63: 37

GO TO {995,995 .:57)e422

CONY INUE

PMTM{LROW, 3)= TEMPA

G0 TO S2

RUNEST = TEMP?2 - 140

L.ROW = LROW - 1

GO0 YO S2

CONT INUE

GO TO (G1.62)sNCLU

CONT INUE

READ ( INTAPE) JUNK

READ ( INTAPE) JUNK

GND TO 64

CONT INUE

READ ( INTAPE) PIKTM

READ ( INTAPE) KPMTH

CONT INUE

WRITE (NOUT. 1)

DO 361 J23 = 1,10

IF{KPMTH{ JZ23))361,361,362

IF(KPMTMI J23)-4) 353, 361, 361

J2a = KPMTHM{223)

GO TO (364,364,358),J28

WRITE (NOUT.22) PATMIIZ3,2)+PMTM(JI23.1)

IF(PMTM(JU23,32)361, 361,365

WRITE (NOUT,23) PMTM(J23,3)

GO TO 361

WRITE (NOUYT.27)

CONT INVE

READ (INTABE) SIM

RCAD ( IN1AKFE) S..°

READ [ INTARPE) DIM

READ { INTAPE) O1J

READ ( INTAPE) DEFL

READ ( INYAPF) TSEIGN

RCAD ( INTAPE) TEPSN

READ ( INTAPE) TALF12

READ ( INTAZE) TALF23

READ i INTAPE) TALFI1

READ ( INTAFPE) TVYALF& &

READ ( INTAPE) AL12E2

READ ( INTAPE) AL1223

READ ( INTAPE) AL 1231

READ [ INYAPE) AL FARA

READ (INTAPE) SIGUK

READ ( INTAPE) EPSUK

GRUMMAN AEROSPACE CORP, DECK NO. a4S128 LINK 3

MATRIX ANALYS IS OF INELASTIC PLATE LINK 3

THIS (S THE SECUND HALF OF OLD LINK 2Z

THIS LINK READS IN A SAVED BINARY TAPE - SECOND PART
161
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QEAD {1 INTAPE) SGBARN

READ ( INTAPE) SGBARP

READ ( INTAPE) SGEBARM

READ (INVAPE) EPBARN

READ (INTAPE) EPBARP

READ (INTAPE) NELEPH

REW IND INTAPE

WRITE (NOUT,S5) E.SHRMOD.GNY

IFIKLU3.NE.L) GO YO 140

WRITE (NOUTY, 37!

WRITE (NOUT.38) ST.EXPLE
140 CONT INUE

WRITE (NOUT,6)

DO 149 [1=1,.11
149 WRITE (NOUT,7) t1.YSIGN(I1),TEPSN{I11)

IEX IV = &
CALL OVRTU IM{(KGOOFX)
RETURN

99S WRITE (NOUY,16) LROW
CAL. EXIYV
STOP
1 FORMAT( LHO« 29X« 37HCONY INUATION RUN — [NELASTIC ANALYSIS)
2 FORMAT (58X s AC,E 080 E1Q0aleELTLL)
S FORMAT({ 25H0O NMOOULUS OF ELASYICITY = sFlie0e8H PSE,6X.16HSHEAR MODU

ILUS = Fl1l1e0+8H PSIe6XaSHNU = F663)
6 FORMATI{A4IHO TABLE OF VALUES FOR STRESS-STRAIN CURVE //
15X ¢ 29HPOINTY STRESS LEVEL STRAIN/Z/1E3X s IHPST «9XTHING/INS /7 /)

7 FORMATI[ 6K [13.,F13.2,F15.8)
9 FORMAT(//7TSH THIS ISOTROPIC RUN USES ELASTIC UNLOADING (HOOKES L
taW) WITH STYRAIN HARDENING) )
i2 FORMAY(26H ERROGR— INCREMENTY CARD NOe:I3.5H NaGe)
16 FORMAT(33H ERROR-NO INTERVAL-INCREMENY CARD,§3)
22 FORMAT(5X, 16HLOAD INCREMENTS oF9.2,11H POUNDS VO ,F10.2 «TH POUNDS)
23 FORMAT( [Hée 61X, 1OHPR INT CSUTPUT EVERY oF 2.2 ,7H POUNDS)
27 FORMATI SX o ISHSTORE MEMORY DN TAPE A-S. THEN EXITH
37 FORMAT{ /75X 24HRAMSERG-USCNON CONSTANTS)
38 FORMAT{SX,22HINPUY REFERENCE STRESS«E16.7/5K«i AHINPUT E XPGNENT ,
1F10e5/5Xe 15AYIUNG'S MODINUSeFl1e0)
END
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SUBROUT ENE FIVEL(CEXIT)
GRUNMMAN AEPOSPACE CORP. DECK NOe« 45128 LINK S
NMATRIX ANALYSIS OF INELASYVIC PLATE LINK S
THES LINK WRIYES A SAYE YAPE FOR RESYART
DINENS ION TALF 12( 11 Do TALF23( 113 TALF31{11} TALFOS (1)
DIMENSION AL L2127 34 )AL 1223(34).AL1231(342 sALFARA(IS)
CIKENSION PMT(10:3)KPATM(10) «SIME102) ST J(102+,1023,TSIGNCIL)
OIMENSION TEPSNIE1) ¢ SIGUK(202) +EPSUKI10GU) « SGBARNI34) +SGBARP(34)
DIMENS {ON SGAARN( 34 ) EPBARN( 38 ) EPBARP( 34) .DELEPN(34)

e e A i A

ren

DIMENS ION OINI102),074€102.102) +DEFL(102)

COMMON /COMA., KLUSGKLUSeKLUS) KLUSeNASNC o NDE o1 NTAPE NI NJNOQUT ¢ NAUX
2 « K ¢« KENRSW o KSET o RUNESY o, € + EXP « S7

3 + ONU v SHRMQD « PM

4 » PMTM « XPMTM s SIM o« DI o DEFL s TSIGN « TEPSN
6 o TALFlE o TALF23 o TALF31 ., TALFGA , ALI212 , ALLI223 .+ AL123}
6 + ALFASA , SIGUK e EPSUK s GBARN ¢ SGBARP , SGAARM , EPBARN
T « EPBARP . DELESPN o StJ « DI

NSTAPE = (1

WRETE (NSTAPE) KLU3ILKLUS.,XLUS, NA ¢ NC ¢« NDE & NIN NOUT

2 9 ¥ « XFRRSYW , KSET s RUNEST o E « EXP » S7

3 » GNU v SHRMOO o PM

WRITE (NSTAPE) PNTM
WRITE (NSTAPE) KBMTM
MRITE (MSTAPE) SiM
WRI{TE (NSTAPE) SIS
WRIYE (NSTAPE) DIN
WRITE (MSTAPE) DEJ
WRITE (NSTAPE} DEFL
WRITE (NSTAPE) TSIGN
WRITE (NSTAPE) YEPSN
WRITE (NSTAPE) TALF12
WRITE (NSTAPE) TALF23
WRITE (NSTAPE)Y TALF31
WRITE (NSTAPE) TALFAS
WHRITE (MSTAPE) ALLI212
ERITE (MLTA-c} ALIZ22]
HRITE (MSYAPE) AL1231
WRITE (NSTAPE) ALFA4 S
WRITE (NSTAPE) SIGUK
WRITE (NSTAPE) EPSUK
WRITE (NSTAPE) SGBARN
WRITE (NSTAPE} SGRARP
WRITE (NSTAPE) SGRARM
WRITE (NSYAPE) EPBARN
WRITE (NSTAPE) EPBARP
WRITE (NSTAPE) DELEPN
WRIYE (NOUT+25) NSTAPE
PRINY 25,NSTAPE
END FILE NSTAPE
REW IND NSTARE
WRI € (NOUT,25) NSTAFE
CALL OVRT IM{KOGOFX)
CALL EXIT
RETURN

25 FORMAT( 19H SAVE LOGICAL TAPRPE 13+ 10H FOR RERUN//)
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SUBROUT INE FQURL(IEXIT)
GRUMMAN AEROSPACE COMP . DECK NO. 45128 LINK &

MATRIX ANALYSIS OF EINELASTIC PLATYE LINK &
THES LINK DOES THE CALCWMATION AND WwRITES PRINT QUTRUY
DIMENSION TALFIZ2(11)TALY23( 11 D+TALF31(11} TALFOGA( 1)
DINENSION AL1212(34) AL 1223(34).AL2231(34) JALFASR{]IG)
DIMENSION PMTM{ 1003} oXKFMTM(IV)+SIM(L02),SI J{102,102),TSIGN(11)}
DIMENSTION TYEPSN{ 1! +SIGUK(202) EPSUKI102)+SGBARN(IG} »SGBARP(34)
DIMENS ION SGBARN{ 34)EPBARNI{34).CPBARP{34) JDELEPN{34)

DIMENS ION DIMC Z029,D1J(102.102)0EFL(102)

DIMENS INN TEFSTN(3A) 4 TOTEPS(LI02) JOELEPK(102}

COMMON /COMA/ KLU3 o FLUB (KLUS s KLUS ¢ NASNC o NDE o I NT R’E o NI Ne NOUT 9 NAUX
2 « K v KERRSW + KSET + RUNEST o E « EXP -« S7

3 » GHhU ¢+ SHRMDOD . PM

4§ o PMTM ¢ KPETM v SIm v OIm s OC0L - Y 10 » TEPSN

5 ¢ YALFIZ o TALF23 o TALF3I1 , TALFA4G o+ ALI212 4 AL lec - » ALL1231
& o ALFAMA 4 SIGUK +« EPSUN ¢+ SGBARN + SGRARP , SGBARM ., . PBARN

7 +« EPBARP o DELEPN o SIJ « O12J

GO YO (A1Bs219),KERRSY
INITVIALIZE WORK AREAS
418 DO 122 1L = 1s3NA
EPSUK (11) = D0 .
102 SIGUK(11) = 0.0 8
DO 103 11 = 1.NC
DCLEPNIIL) = 0.0
SGAENITYY =
SGBARF{ 1) = 0.0
SGBARM(I11 =
EPBARFP(I1) = 0.0
AL1212(T1)= 2.08TALF12(2)
AL1223(T1)= TALF12( 20 ¢ TALF23(2}
AL123:1(11)= TALFI2¢2) ¢ VALF31(2)
ALFAsA(I1)= TALFAa{2)
103 EPBARN(I1) =0.0

—— . —— e e e

DO 105 11 = 1lsNDE
105 DEFLIT = Je0
KSET = 1
419 CONTINUE
KREF - ~

IF(KLU3.EQ.0) GO TO 151
AA = 3.5 (2./ST)IeeiEXP-1.))/7,
t51 K = K + 3
KlLu2 = 1
fF XLU2 = 0, THE CYCLE OF OPERAYIONS WwWILL BE PRINTED
KLU6 = | wiLL PRINY EVERY CYCLE, U wiLL PRINY ONLY SELECTED CYCLES
IF(KLUG)24a8,2484 249
249 KLU2 = 0
249 CONTINUE
IF(K-11270.,270,271
270 KLua2 = 0
271 CONVINUE
GO TO (416,417),KERARSYH
417 KLUZ = 0
KERRSW = 1
416 CONTINUE 154
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3G
301
302

303

Jos

341
3a.
305
345
309
358

316

319
320

321

1Se
31s
502
324
326
327
328

861

631

643

644
641

254

KSEY {S TYHE RCOw OF KPMTM 0R PMTM BLINSG -'SED (CURRENT LOAD LEVEL)
(F{(KSET—11)301¢319:43;i7%

(FIKPMTMNIKSET) )302, 302303

KSEYT = KSEY + 1|

GO TC 200

IF(KPMTM{KSET )-4)304,302.302

VARIABLE (J24) INDICATES A LOAD CYCLE (1} OR WRITE KEMORY ON
A SAVE TAPE (3)e (2) IS NOY USED,

Joe = KPMTM({XSET])

IF(PMTMIKSEY 2)) 342,342,341

GO YO (305, 305.423),J24

GO YU (345,345,423), 326

(F{PNTMIKSET s 1 )~(PNPMTNIKSET:2))) 316:309.308
TFIPMTIMIKSET ¢ 1 )-(PNSPMTM(KSET 2))) 308,309,316

KLuz = 0

DELPM = PMTM{KSEY,2)

GO YO 154

KLU? = 0

GO0 TO 302
(FIKLY2120G,205, 320
KLUZ2 = 0

KSET = XSET -t

{FIKSET } .05, 205, 32}
IF(KPMTMIKSEY)) 320, 3204308
CON. INUE
CONTINUE
PM™M = PN + DELPM
CALL OUTPUT(PHN PMTM{KSEY 3 )KL UL)
IF(KLU2)327, 328,327
KLUZ2 = KLUI
CONTINUE
1E(KLU2)250,.,250.251
CONT INUE
LABEL = APPL IED LOAD
WRITE (NOQUT,22) PM
CanNY INUE
SAVE PRECEDING CYCLE VALUES OF EPBARN
DO 152 11 = 1.NC
EPBARP( 1) = EPBARNI11)
CALCULATE NODE STRESSES — MATRIX SIGUK — FRAME SIZE 10% X 1
CONMPUT AT ION OF STYRESSES AND DEFLECTIONS IN YHE INELASYTIC RANGE
REDUCE SITJ®EPSUK MULTIPLICATION BY SELECTING THE COLUMNS OF SiI 2
CORRESPONDING TC THE NON-ZERDO ELEMENTS OF EPSUK
OC 86! IS<=t.NA
SIGUKL IS)= SIMIIS)*PM
00 631 IS=1.+NDE .
DEFLUIS)Y = DIM(IS)sPM
OO 6431 [4=1.NA
IF (CPSUK(14)+EQ.0,0) GO TO 641
D0 643 12=1.NA
SIGUK( 12)= SIGUK(1I2) ¢ SIJ(I2.14)%EPSUKILA)
DC 644 13=14NOE
DEFLI{TI3)=DEF_ (I3} +DEJL I3, TA)SEPSUK({TIAS)
CONYINUE
(FIKLUZ2)2C44254,253
CONT INUE
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a6s
23S

166

401

402
403

171

V72

177

178

173

t7s

LABEB. DEFLECT IONS

WRITE (NOUY,.23)

KNDE = KDE/2

00 665 11 = J.KNDE

KNDE2 = 2€1)

KNDET = KNDE2-1

WRITE (NOUY,248) (1+DEFL{KINDE 1) DEFLIKNDEZ)

CONT INUVE

CONT INUE

CALCUL ATE MAGNITUDE AND SIGN OF EFFECTIVE STRESS AT EACH NGDE
CALCUL ATE EFFECTIVE STRESSES — MATRIX SGBARN — AME SIZE 3% X 1

O 166 17 = 1NC
SGBARP( 17} = SGBARN( L7}

™3 = 3J¢l7
M32 = M»2
M“31 = M3~

SGBARN( I7 )=SQRT(ALAZII( L TIESIGUKRKIMI2)¢e2—-ALLI212(1I7)SSIGUK(NM3I2)® S
TGUKIMIL )AL 1223( 17 10SIGUKINILIINS2+3,0ALFAQAIIT)eSIGUK(MI)»e2)
CONTINUE

LABEL. = EFF, SYRESSES

CALCUL ATE EFFECTIVE [INELASTIC STRAIN FOR EACH NODE -~ INTERPOLATE
IN TABLE (TSIGN VS, TEPSN)

DO 181 18 = 4NC

cGRAOR §C ETEFEECYIVE STAFSS OF PREVIOUS CYCLE

IF{SGBARN( tB)-SGBARP(IS8) )al11,201,401

EFCECT IVE STRESS (S AB0VE PREVIOUS LEVEL

SGBARM 1S EFFECTIVE STRESS OF LAST CYCLE TO SHOW AN INCREASE
IF(SGBARN{ I8)-SGAARN(1IB))IA11,.402,402

EFFECY IVE STRESS 1S AHOVE KNEC OF PREVIOUS DROP-0OFF, IF ANY
CONY INUE

SGBARM{ I13) = SGBARN{ 18)

ESUPRK =(SG3ARN(IB}/E) ¢ FPBARP(1I8)

IF(KLU3I.EQ.1) GO TO 670

DO 17: 19 = .11

IF{ESUCAK-TERSNL ISIIR7 31772271

CONT TiNUE

GO TO 998

BAR3GN = YSaiGN(I9)

IF(SGBARN( IO -TSIGNC 2178177177

AL1212(18)= 2,02TALF12019)

AL 1223018)= TYALF12{(19)¢ TALF23(1I9)

AL1231(18)= TALF12(!9)+ TALF31{(19)

ALFAGR(18)= TALFa&(1S)

CUNT INUE

GO 7O 17a

KKK2 = (9

KKK = {9 - 1

STNRAT = (ESUPRK-TEPSN(KKK]1))D)/(TEPSN(KKK2)-TEPSNIKKK;))
BARS GN = TSIGNI(KVKJIIS(TSIGN{KKK2)~-TSIGNIKKK] }}8STNRAT
IF(SGBARNC IBI-TSIGN( ZD 21760173175

CONT INUE

ALFAL2 = VTALFI2(KKKLI)S(TALFLI2{KKK2)=-TALFI2(KKK])®STNRAT
ALFAZ3 = TALF2I{KKKLIIH+ITALF23(KIK2)-TALF2I(KKK]) )®STNRAT
ALFA31L = TALFIU(KKXEDA{TALFILI(RKKZ)I-TALF 31 (KKK1))&STNRAT
ALFAASUIBI=TALFARIKKKI)+(TALFRAMIKKK2)I-TALF4A{KKK]L) I®STNRAT
AL L2120 18}= 2,0%ALFA L2
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AL1223(18)= ALFALIZ2 ¢ ALFA2)Y
ALIZ23(18)= ALFALZ ¢ ALFAJ])
X 176 CONTINUE
: GO YO 174
670 CONYINVE
BSGNYE = SGRARN( (B}
00O 674 11=1,10
FIBSN = AASASGNI®eEXP¢BSGNE~E*E SUPRK
F2B8SN ©n AASEXPEBSGN ¢S {EVrP-Ls )¢l
BARSGN = BSGNL - FILBSN/F 20 SN
TEST = BARSGN/BSGN!
BSGN1 = BARSOGN
JIF(TESY LT o +99999) GO TO 674
IF{TEST.GY 2100001 GO YO 674
GO TO 676
674 CONT INUE
676 CONY INUE
174 EPBAQN(I8) = 0.0 o L
IF(SGBARN( 18).GT TSIGN(2)) EPBARNILI8) =ESUPRX-BARSGN/E

oy -

C CALCULAYE TOTAL EFFECTIVE STRAIN — MATRIX VEFSTN — FRANE SIZE 3ISXt
) TEFSTN( [8) = ESUPRK

X c CALCULATE EFFECTIVE STRAEN CHANGES ~ MATRI X DELEPN — FRANE 335 X 1

c CALCULATE INCREMENTAL EFFECTIVE INSLASTIC STRAIN

DELEPN((8) = EPBARN( I18) — EPBARP(IB)

g GO TO t81

C OROP-OFF OF EFFECTIVE SYRESS

c OR STILL BELOW VHE KNEE OF PREVIOQUS DROP-OFF

411 EPBARN(IB} = EPBARPI 18]
TEFSTN(18) = EPBARPI I8} +({ SGBAAN(ILSB) /E)
DELEPN{IB) = 0.0

181 CONT INUE

IF{KLU3.EQ«D ) GO TO o080
USE OF THE RAMBERG-O0SGOCD EQUATION IS ONMLY VALID FOR
ISOVROOYC ANAL ¥YSIS
LC 276 18 = 1 .NC
N.1212(18) 10
AL1223118) 1.0
ALt 231(18) 1.0
ALFAAA( 1B} 140
679 CONT INUE
680 CONTYINUE

N A

Hwudn

c
c LABEL = EFF.PLASTIC SYRAIN
C LABEL = TOTAL EFF. STRAIN
‘ C CALCULATE NODE STRAIN CHANGE — MATRIX DELEPK — FRAME SI2E 10% X 1
& DO $91 [18 = 14NC
YEMDA = CELEFN k1) / SGBARN(IT1)
M3 = 3sq11
M32 = K32
N31 = M3-1

DELEPKIMI2)=TEMPA*{ AL 1231(T11)9SISUKINIZ}-S¢ALI212(L1)¢SIGUK{M3]
| W D]
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191

192

20

262

258

260
263

268

269

422

DELEPKIMIII=TEMPA®IALILIZ23( 11 1)vSIGUKIMIL)I -3 ALI2120010)85]IGUK(MI2
ti)

DELEPKIMI ) mTEMPA®] J0%ALEAXA (I LLID)OSIGUKI(ME))

CONT INUE

CALCULATE NODS ¢ ASTIC STRAIN - MATRIX EPSUK — FRAME SIZL 105 X 1}
CALL CULATE NODE PUOINT STRAINS

D0 192 [23=1.NA

EPSUK{ 123) = EPSUKT I23) ¢+ “HLEPK(EZ2))

CORTINUE

LABA. = EFF.STRAIN CHANGES

LABEL = NODE SYRAIN CHANGE

LABEL = NODE INELASSTRAIN

CALCULATE TuTAL NODE STRAINS — MATRIX YOTEPS — FRAE SI1ZE 105 X 1
DO 201 I14=1.NC

MH3I2 = 31 14--2

M3l = 3¢}l4e-1

M3 = 3e(13

TOTEPSIM3I2)x=CPSUK (M3I2)+SIGUK({M3I2)/E —GNUSSIGUHIMNIT) /Y
TCYEPS{MII)I=EPSUK (M3 +SIGUK(MIL)I/E —GNULSIGUKINIZ2}/E
TOVEPS(M3 I=EPSUX (MY J+SIGUK{M]I B} /SHRHOD
IF(KLU2)2062.262,2673

CONY INUE

LAB3. = TOT. NODE STRAINS

WRITE (NOUY,a&1t)

WRITE (NOUY,42)

DO 238 18 = J.NC

J3 = 3¢18

J2z = J3-1

J1 = 23-2

WRITE (NOUT,806) IB84SIGUKIJLDeZIGUKL 12) «SiGUKLUD) »TOTEPS(JL ).
1 TOVEPS(J2}YOTEPS(JI3)

CONT INUE

WRITE (NDUY.83)

WRITE (NOUY 44)

DO 2%5% tH = l«HC

J3 = 3¢l8
g2 = 23-12
Jl = J3-2

WRITE (NOUT.46) 18,EPSUK{JI),EPSUK(J2) JEPSUK(JI) JODELEPK(J1)
1 DELEPKI J2).DELEPK(JI)

CONT INVE
WRITE (NGUT,45)
D0 260 18 = 1sNC

WRITE (NOUT,46) 18.S5GBARN(IB8) . TEFSTN(IB)LOELECNITIB)EFBARNILS)
CONT INUE

CONY INVE

IF(KLUZ2)268B+260, 267

CORTIN.E

dRITE (NCUT.31) K.PM

CONY INVL

IF(KSLEL(KREF+20)) GO YO 422
KREF = X

CALL OVRY IN{KOO0O0FX)

KOOOFX = 1 TO FORCE AN EXITY
GO TN(A421+422).K200FX

CONY INUE
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GO YO 131
STATEMENT &1 15 REACHED [F THE RUNNING TING IS ONS MENUTE
BILOW THE Y INE ESYIMATE

421 IF(XLU2)423.,423, 200
423 CONTY INUC
205 CONTINUEL

CALL OVT IN(KOOCFX)
GO 10(207,209).¥000FX

209 IHF(J24-3)240+,207+210
20T CONYLINUt

2

texXtr = S
RETURN

10 CONT{INUE
{EXIY = 6
RETURN

208 XKERRSW = 2

KERRSW SFET TO 2 YO M/KE KLU. = 0 AND PHRINT A CYCLE
GO V0O 1S1

998 CONTYINUE

WRIVE (NOUT.12) ESUPRX:SGBARNI(L 8)
WRITE (NOUT.13) K.18.PM
GO TO 209

12 FORMAT({ 4611 YALUE NQT FOUND 1IN TABLE FOR EPSILON BAR M = LE135.8.
119 ( SIGNA BAR N = 4E15.8.2K ) }

13 FORMAT{16H (VYCLE NUMBER = +[5¢2CH ELEMENT INDEX = (14,171 LO
LAD LEVEL = .F9.2)

21 FORMAT(// IXs8AA A2 S{IPEL1E.7)/7{19XeSEIG7))

22 FORMAY(/72!H APPLIED LOAD Fl12.2)

23 FORAAT(// 9K+ IORDEFLECTIIONS AY GEOME YRIC NODES//18 X +8HNODE«b6X
Le7HDELYA Xe9Xe THDELVYA Y)
FORMAT{ 15X.1&, 2E16.7)

3 FONMATI MG L I1€,27H (YL ES CNMOLETED - LOAD =

-, . -~ . ;.‘:9:3)

41 FORMAT( /722X« 13MNOOE STHRESSES.33X:18HTOTAL NODE STRAINS)

42 FORMAYT {98H NODE SIGMA X SIGMA Y TAU XY
1 EPSILON X EPSILON Y GAMMA XY)

43 FORMAY(/18Y,22HI00E INELASTIC STRAIN +29X.1BHNUDE STRAIN CHANGE)

44 FORNATI(98BH NODE EPSILON X EPSLLON Y GAMHA XY
1 EPSILON X EPSILAON Y GAMMA XY)

4% FORMATL /727X¢ I9HYOTAL EFFECTIVE EFFECTIVE/9IXsSOHEFFELC
1TIVE EFFECVIVE STRAIN PLASTIC/68H NOOE S
2YRESSES STRAIN CHANGES STR&'N)

&6 FORMAT(1X413,1X,6{1PEL1G6LT))

END
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SURAROUT INE DVRT IN(KOCOFX )

SULIROUT INE TO TESY THE SYSTEM CLOCK AND FORCE GENERATION OF A~ ™
RESTARVARLE SAVE TAPE WHEN THE TIME ESTIMATE [5 REACHED

COMMON 7COMAZ  KLU3 KL UA3KLUSIKLUG s NA s NC o NDE + TNTAPE s NIN s NOUT s NAUX

e.a B 2 KERRSW o KSET o RUNESY , E_ s _EXP » S?
2 . GNU » SHRAMOD , PM ) o
KOO0 OFx 1 TO YERM[NATE TRE RUN

2 TO LET THE RUN CONTINUE ) ' T e o

LIM = RUNEST®600.

- S _ e
TIMING “IUTINE DISABILC PENDEING IMFORMATIUN ON_WPAFH CLCCK ROUTINE
KOOOFX = =2 777 T e ’
IT = 0

IF( IT ¢EQ.0) GO TO 10%
END QF PAYCH

IT = ICHRON(N) o T
ROQOFX = 2

IFCIT oGY «90800) GO TC :i0z
IFCIT LT LLI¥) GO YO 100
KOOOFX = 1 ’ LT T

100 T1 = IV

102 RCTURN

1}

TIME = TI1/600.
WRITE (NOUVe1) TIMEoK

. - fh e emmmt it m s e e s s S em e S e E————— - - - s am

FOIMAT {201 CLAPSED T IME READS +F10.4,18KH MINUTES ON CYCLE o15)
END .

NOTE: Subroutive OVRTIM 18 a portion of
the root segoent of the progream.

SUBROUT INE TUTPUTIVALUEL.STEPL KL UL)

THIS SUBRIJUTINE SETES KLUL = 0 IF THE CURRENT CYCLE IS YD BE PRINTE

VALUE = ABS{VALULEL)
STEP = ABS(STERL1)
102 IF(VALUE~-ISTEP) 131,100,100
100 MNTEST1 = {VALUE/SYEP)® i.00001}
NTESY2 = (VALUE/3TEP )¢.998
IF(NTESTI-NTEST2}131+230,13¢
130 KLU1 = 0

GO YO 138
131 XLUiL n | -
135 RETVURN

END
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C.¥53109158~05
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N N3 -n.|°ﬁoaﬁnsswc1 -C _=n_-0, “O_ =0, Qe
w 1 0.S1€442216-GC -0 - =0, ~0 -0 -0,
ea Y n.ccuqnvnasfoo__f-_c_-:o_fo_.__.“~ -0_=0_=0,
AT J =0.%7aNB2COE-.08 -C ~0 -0, -0 =9 =0e
31 =C.a30a8lITERQY <€ =0 =00 =0 =0 ~0e____ .
G ) =0 808PLEIINE-DE =0 —0 ~fe -0 -0 ~0.
52 L Gel0PNIQNEFE=08__=«0_~0_=0._ -0_=0_=0o —
B3 1 -0.1CUNUALIF=66 -0 -0 =0, -0 -0 ~0.
DA 1 COZNEAPESE =R w0 =0 =C, =0 =0 =0e . _ ... ...
L] L N CPI AR H P A LI RN (1Y -0 =0 =0 -0 =C ~=0e
“aty ] O “L 250G ~0r -0 =1~ - =0 =0,
¥4 1 ‘(-,l“ﬂ‘AIil-O‘) -0 —"l —-le -0 =0 =0 !
Wl bpasaiyunezge fps zo: 29 29 =0 -
69 § -0.1208%58%2E~08 ~0 -0 =0, -Q -0 =0.
00__ 1 _NeCAL1E2AE=NE_ =0 .~0 -0, s ~0_=0_=0s .
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LT 1 ~C 1282 43K9E~06__ =0 =0 _~Q4 =0_.=0._~0.
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82 1 0.t798073I7E-06 -C -0 =0, -G =0 =0
e B3 1 ~0412250606€-06 -0 -0 ~0. =0_=0_-0.
Ba 1 Oc.CL174TE11E-04 «0 -0 ~0. -0 =¢ =0
.85 _ ) C.122HhFE174F=CT__~C_-0 -0, =C_=0_=0s
86 1 0.180127687€-06 -0 =0 ~O. “0 -0 =0e
87 . 0.35562038L-07___~C -0_=-0n =0_=0 0
88 1 Cet%571610E~06 <0 -0 ~0o -0 =0 =0«
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MATRIN D1

93 Aows x

96 COLUMNS FROM TAPE 9

L __MATRIX Stm ___ 95 _ROWS X 1 COLUMNS FROM VAPE 9
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. B__1_0.318277H0C_01 __~0_=0 -0 =0_=_=Ds

9 1 0.7G24%333E 00 ~0 =0 -0, ~0 ~0 ~0e

__10__1_0+20618163£=00 —0 -0 -0, -0_=0_=0.,

11 1 0e€83129€7E 01 =0 ~0 —N, -0 =0 ~0e

12 1_ 6.53093573F 00__~C_-0 -0. -0_~0_=0.,

- 137717 0,605 10464E 00 =0 =0 =0, -0 =0 =0e

18 _1_ 0.$%524548GE_01 __~0_~0 =0, -0_=0_=0a

’ 15 1 0.141GAA0NE=00 =0 =0 —0. -0 =0 =0s

161 _0.12058302%_01__ =€ =0 -0, =0_=0_=0e

17 l O-IOCOIQSQP 0) -0 «-0 ~0. -0 -0 <G
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1A 1 =0e122455783E 01 ~0 =0 -0,

. =0_~0_—0.,
19 1 6+126868060t 01 ~0 =0 =Oe -0 -0 -0,
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APPENDIX E  CONTACT PROBLEM - LOADED HOLE BOUNDARY COMPUTER FROGRAM

Program Description

This ie a brief description of th2 program for doing a nonlipear
contact problem of a symmetric single hole plate structure which ie loaded
along its axis of symmetry. The program can accommodate varying amounts
of clearance or interference and up to twenty points in contact on the

semicircle as well es up to ten different load levels.

The program was originally written and debugged on the INM 1130
machine é.n:l then converted to the IBM 7094, It is fully operable on the
Grummen IBM TO94 system and can.easily be expanded to handle more contact
polous arocund the periphery of the fastener and plate hole.

A constraint on the program as it stands at present is that the
contact vnints must be numbered consecutively from the contact point oo
the center line at the bottom of the hole to the point or the center line
at the top of the hole courterclockwise.

The program consists of & main program and two subroutines, one for
reading and stackiog ioput, and the other for performing the calculatlouns.
A matrix inversion routine "LINEAR" is .pncluded to &aviid dependence on

a library routine,

Sequencing and Details of the Data Cards

The symbols used in the program for various itews of input data are
listed on page 205 and are shown on the sawple key-punchicg sheet page 205,

The data cards are used in the follewing sequence, imz:diately
after the $DATA card raquired by IBSYS:

1. A load-fit card (FORMAT 23) contalning a clue K, & load
QIN(1), a Pit FITIN(1), and a 60 character title to be
printed for identification. The clue X is ignored in thir
card. Up to 9 additional load-fit cards in the same
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format may be provided. They are used in a slightly
different manner. This title is ended by one completely
blank card.

The four data matrices are next, They must be in proper
sequence, a8 shown below, Each has a header card (FORMAT 1),
one or more dats cards (FORMAT 2) and a blank card to

end it. If one of the matrices is null, it mst be
reprerented by a blank title card and a blank card to
repregdent the end card., Required sequence is as follows:

&) Matrix A - influence ceoefficient for unit radial
loads, maximm size 20 x 20

b) Matrix DL - radial displacements around hole for
transfer iocads, maximum size 20 x 10, Note that
sequence of loads (columms) m:=3%¢ correspond to
sequence of loed-fit cards already read in.

¢) Matrix THETA - angles to defined points around
hole, maximum size 20 x 1

d) Matrix DELB - radial displacements around hole due
to btypass loeds, maximum size 20 x 1. This
watriry may be null ae previously indicated. All

- LRt o TR R T AR
[9

others musi be provided Lo give meaningful resul

(C) Symbols and Formst of the Data Cards

(1) Load-fit cards - FORMAT 23

Cols,

1

2-1C

Field Symbol

1 ) ¢ A clue, ignored in the first card, 1In

the other cards, any digit except O
Indicates a new fit is provided (s
blenk 1it means O clearances) If K =
0, the previous fit is re-used.

Eg.4 Q or This is the loed to be applied with the

correspending column of matrix L, A

value must be provided. If none is

provided; this is treated as a blank

card {end of load table).
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(2)

(3)

Cols, Fleld Symbol

11-20 E10.4
FITIN

21-80 30A2 TITLE

Data Matrices Header Card

Cols. Field Symbol
3-4 I NROWS
5-8 Ih NCOL3
9-80

Data Matrices - Data Cards
Cols. Fielc Symbol
1-b IL MR(1)

AKFIT cr This 1s the fit of the pin in the hole,

A rositive value imdicetes an interference
fit. A negative value indicates lack of
tit (sloppy Fit). Zero indicates exact or
sliding fit. Fit is always accepted from
the first load-fit card. It 1s igncred on
the other cards unless Column 1 is punched
to show that a new value of fit is provided,
Tnis new value is then used until a super=

ceding value is provided.

A title or caption that is printed to
identify the run, Irn addition, the last

8 columns are used to identify the punched
output from this run.

The title 1s used from the first cerd only.

FORMAT 1

Tne pumber of rows in this matrix, The
nunber of rows in matrix A sets the size

of the problem.

The number of columns ir this matrix, The
number of columns in matrix DL must sgree
with the number of load-fit cards read in,

Ignored

FORMAT 2

Row index for the first element in this
card., If this field is blark or zero, the
card 1s considered tland (end of matrix)
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Cols. Field Symbol
- 5-8 I MC(1)  Column index for tlie first element in
this card.
: 9-23 E15.7 EL(1) The first matrix element in this card.
24 x Ignored
- 25-28 Ih MR(2)  Rov index for the second element in this :
_ card. If this field 1s blank or zero, :
; the element is ignor=d and the program
looks at MR({3) i
29-32 Ik Mc(2) Column index for the second element
in this card, i
33-47 Els.7 EL(2) Tme second matrix element im this card. E
48 X Ignored ,
b9-52 (' MR(3)  Row index for the third element in this ;
card. If this fleld is blank or zero, 3
the element is ignored and the program
reads the next card.
53-~56 T4 Me(3) Column index for the third slement in
this card.
57-T1 E15.7 EL(3) The third matrix element in this card.
T2 X Ignored
T2-80 Lhan Ignored on imput. For puibch output,
this takes 8 columns of identification
from the title card.
t The last card of a matrix should be completely blank (tested in Cols.
: 1-4 as an integer field). Note that the program does no checking on the
validity of elements, their indices or their sequencing, other than
checking the row index for a zero or blank &s described above (negetive row
index is considered zero). Specifically, no checking 1s done for duplicate
indices, column index of zero, elements out of sequence, element indices out-
g slde of the array or elements in row or coluemn sort. Valid input is the re-

sponsibility of the user. The &bility to read matrices in row or column scrw,
and one to three elewents per card is convenient, but requires careful data

preparation.
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(D) Punched Output

Upon finding the points in contact for each applied load, the program
calculates and prints out Po {(the center-line contact ferce ), and then the
X and Y components of the force at each point., It then punches out cards
containing these values in FORMAT 2 for input &g applied loads to further
analysis programs. These cards carxy identification in Columns T73-80 from
the input title, Columns T3-80.

The punchout is described as follows. The row number corresponds to
ihe load case (columns of matrix DL). Column 1 is the center-line contact
force. Colums 2 and 3 ere the X and Y components at Point 1, columns 4
and 5 are the X and Y components at point 2, etc. Thus tne punched-out
loaed matrix is N rows by M columns, where N is the input number of load

cases and M is 2 times the number of points around the semicircle, pius 1.

i ot g ¢ ot i e
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APPENDIX F

CONTACT FROBLEM - LOADED HOLE BOUNDARY PROGRAM FLOW CHARTS

MAIN PROGRAM

()

P 89
Set Clues

fcr
System Tapes

Call Input
Routine
EHINP

Is
Problem Size

Consistent In No
Data - Load Count

vs. Loed

Cases

233

Yes ¥Write Error
Message

236

Call
Calculation
Routine
HHRUN

'

o)
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e s

A

INFUT - SUBROUTINE HHINP

G | pury SN e

Increment 140
Load Counter p—
- Read Matrix
Clear Arrays Text. Stack
in Array DL
wore Load
Read Title Card in Table
Initial Load
Initial Fit Read Header for

Matrix Theta -
Angles to Defined
Points Around Hole

Write Label

Print Title

5y

Read Matrix Text

Read Next and Store

load and Fit ' Theta (Col.l)=Angle
Fit = Theta gCol.Ein‘im
;ﬁ"iws Theta (Col.3)«Cos

|
r 96 Read Header for

Store Matrix DELB Radial
Displ. Due to
New Fit Bypass Loads.
——— |
c = 105
(I:?'-:'g-s gcu:z in Rpm’JM:?*iv ;ead Matrix
ead Matrix ext, Store
(LDCNT) Text. Stack in A,,.&ybgm,
in Array A
xgisef\dfrISi Write Headinug
Coeff. for U : Read Header for for Matrix A
. for Unit 3
Radial Loads Matrix DL ~ Radial -
- Displ. Around Hole
] for Transfer Ioads
Write Out Matrix
i A Row by Row
Set Problem for Checking
Size = Rows No. of Load Cases
In Matrix A, = Columus of IL
( NOFDR) {1bcas)
Write Lebel Write Label ‘ Return
-« « 1
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CALCULATION - SUBROUTINZ HHRUN

C

Entry

D)

Start Overall
Loop on load
cases { DO 850-

l

Sev Clues, Set
loaé¢ and Fit

Frcom Tables,
Initial Trial Size
= Full Provlem

l

Wwrite Headings
for
Displacements

|

Calculate Vector

DEIA Radisl Displ

Due to Initial
Fit

1

Celculate
Vector VA
Total Displ,
Vector. Print

310 Al

Start Loop
for Iterations

1

Print Court of
Iteration, Clue
Vector for Trial
Solution, and Size

l

Condense and
Scals Matrix A
into Array DE

o

L

Invert the

Condensed
Array (Using
SUBR, LIN:AR)
and Scalce lazh

|

Calculat:: A
Trial Load Vectior

=[2) Yva)

I

Tension Loads 1
Are Net
Possible Acrosc P--
the Contact

Count Negative
Values in {FR}
end Stack in

(e e e v et

Cleared Veetor {FCI
Surtace J
T T 301 |
D Caiculate Radial
Displacements
{TELTAl=
{va}+{a]{rc)
! Points in X Search DLl
I Contact have Zero ! ] and Zero out
! Relative : all Positive
+  Dispiacement X Values

L

Transfer {DELTA]
Velues into
{DELTB}. Fingd
Maximum
Negative Value

Set Tegt Limit
= 1/20 of Mex.

Negative Valv-»
in {DELTA)

¥




- ot A g o —— = mrt T a7 e o

Sesarch
{Lelta}

if Teltin

-

IF
Value in
DELYA is less
than test
Greater N _Amit

ry
-~

7

Zero out Matching
Lecation in LELTR

l Count Zero Veluss i

'L____W 5

542

22 4
I CONTINJE

¥

KA =

NTZI:

|

DELTA DELTB

Write out Trisl |
Vector~ FR,PC,

Shh

CONTINJE

e = . - —— - ————

Mt e e o dr = S M RS EE . W S em A o e e e - mm T e e e e e

i
l
|
i
L
!
|
|
J

I

1 r

1 !
—_———F e . e : -y - -
INTFC = Number of ! ! NTZI = Number of Foints In !
:Compression (N&S': ! Centacy, Based‘qn Peflec - i
‘ﬂxtve) Lhads In § ! tion and Including those )
:EC ; 1 Lecc Than 1/20 of Maximur '
! ! Fositive D n !
b e y v fositive Deflection
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'eéstore Rov Fos. iu KEP
“Hror Next Iteration
(Muxbers of Pocints in
Contect)

e o o e o
:_ Coparc Number 1
©of Contact Points

i with Previous g

A1l Contaet
2oints The Same
A8 Before

Ne

Voo wm o v oy
! NPD = Number
{ o2 polats in %
} contact basasd |
! on deflections!

[aiipatduputsbuiguitape |

Match For

Second or

Third Cycle
Back

460 Teo
Print éleesage

Print
"o Selutien”

800

Sod of Loof ¢
Load Cases, Do

Nex* Load Case.

Ab~ut Oscillating
Solution

800

End of Loop on
Icad Cases, Do
Rext Load Case
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Acir ey o 3 =
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|
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Transfer Rov Indices to KB
for Kext Cycle,

Transfer Previous 3 Cycle
Counts for Os¢illation
Check.

Increrment Loop Coiinter

{ Goto31C |

Set Clues
NFINL = 1
BTPC = 1
RPD = O
N°ZD = ©

L Setélém. No. 3981
E(;“A;“_y?l?)““x Place Load 1in
" A»ray FC For
Ope More Cycle

-

Is
Final
Solution Clue
furned On

Yes

381

Print "Solution"
Calculete X amd
Y Load Components
Total of Y coap.

Centerline ¥ Load
= Total Load -
Sum of Y ~ompon.

NFINL = ©

L=

| Print 7, ¥ apd

3 alxl

Y Compcnente

[Erime 2 @, D] - - Rextdiitey |

fss======3

Invert A (1, )] ___. d !

ond Prios Stiffness _:
Calculate

-1 | Setentulint 1

a0 b f e

and Print brm e !
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Punch P, X anmd Y
Components in Matrix

Format Cards. Row
No. is losd Cease

800 850

End of Loop on
Load Cases.

Do Nexc Load Case
or Return to Main
Program
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APPENDIX G FORTRAN LISTING OF RILASTIC CONTACT PROBLEM PROGRAM

MM NINGNOUTP s NIJUT D LDCNT JLDCAS sNORDRe QoF I T
CUMATN A(Z29620)oDLI(20,10) JDELA(20} ,DELB(2C )sDE(20 20 ),
1 ER(20) o VAa(20) oKE(20) oKEP(20) o
2w s o CU3) cEL(3)WLVA(2S) 0LVR(20G)
COMWALN DC(2C) 1OELTA(20 ) o THETA(20¢3) ~TITLE(30)
TCAv N QINC(L1O) WFITINC(LO)
H9 9IN =5
yre = 7
WIUT 6 4,
Calii HHINPD qy
IF (LOCNT=LOCAS) 233¢236+233 P
231 wh1TZ (NOUT,33) . ()
TetL UXIT
236 LoaNTINUE
CaLl. HRAUN
GO T @y _ Qo
Iy FOavMAT(23H INFUT ERRON=LUAD CASES)
TND

?
oo//
(s}
®

SUALOUTING HHUHI NP

COMMUN MINeNUUTP ¢ NOUT sLOCNT +LDCAS s NORDRY QyFIT

NS FULUIS LY AC20 +20) sDL(2G 417 ) sDELAL2G) sDELB(20)sDE(20.20)
1 = 022)eVA(20) okE(20),KERL(20)

2 2)eMC{I)IEL(3) S LVAL20) oVvB(2D)

S aMIN 22" ) W IEL &(20’oTHETA(29'3’07¥TLC(3(a)
oMy GINCIN) FITINC(LA)
DO 91 =20
rball) = e
YLLT(T) =2 e
(318 (1) = el
v (1) = &N
<= (1) =
<t (1) o=
Pl (1) = e
ATLTAL) = Vev
oD e = 143
a7 Tl Talle%) = o
N.onr Jd = el
92 LsL(ledJd) = e
h +3 Jul el
2 () ed) = Le
2. Eed) = e

i CONMT LG,
a0, R A, WL NN JLLUGR
v Ve, (1N 238) KeGINUL)GFTITIMNOL) 9 (TITLEL{T}o1=1430)
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_wfj.l"l:t';__ ({Q_OUT’32) (T_'}TL&.:( 1) sL=1,30)

ey Ty el g e e e

$3 READ (NINe23) KyQsAKFIT
IF(Q) 94,97,%4

94 I =1 + ¢
QINCI)Y = Q
IF(K) 95,954,668

95 FITINCI) = FITIN(I=]1)

GLU T 93
96 FITIN(I) = AKFIT
GO TI 93
97 CONTINUZ
LOCHT = §
o REAL IN MATRIX (A)
KEAD (NINs1) NROWSNCOLS
C PFORLEM SIZE IS SET BY THE NUMBER OF ROWS IN INPUT “4ATRIX (A)

NGRDOR = NROWS

WEITE (HOUT+6) NROWS,NENLS

WHITE (NOUT,7)

i 0TI READ (NING2) (MROLIYsMCII)«EL{(I)ol=1,3)
IF(MR{1))130+s130,110

110 DU 120 I=1,3
IF(MI(I))120412Nn,115

115 NFOW = MR(T) 4
NCOL = MC(I) ‘ g
ACNIUWINIOL) = EL(T) 1?

120 CONTINUE ’°4po
wWiITE (NOUT$13) (MREIDsMC(ID)WEL(I)elz=1+3) 4?'

| . %,
&
] G0 T 168
130 CUNTINUZ
AP ITE (NJUT5)
C RPLCALD IN MATRIX (DL)
READ (NIN»1) NMROWS,NCOLS
WHITS (NUUT6) NROWSINCOLS
WHITZ (NOUTYW8)
LDOCA = NZOLS
140 READ (NIN2) (MRIT)MC(I)SEL(I)oI=1,3)
IF(MI(1))1d0,3RE,150
150 DY 179 1=i+3
TF(MK(IDII73,170,416)
100 NROW = MR(])
N< UL, = MC(1)
DLINIDNeNCIL) = +L (1)
179 CuNTINUS
Wi- ITe (NOUTe13) (ML) e MCUI)EL(TI)el1=1,3)
: S0 T 1ae)
15 CONTINYT
Wi 1TL (NOUT 4 S)
C WCAD IN MATRIX (THETA)
READ (NINs1) N&OWSINCGLS
ATIT= (NIUT6) NROWS, NCOLS
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190

200

.a1e

240

“WRITE (NOUT10)

- . - .-

AR ITE (NOUT 4 9) ) T CoTTT o
READ (NIN,2) (MR(!).MC(!).EL(!)ol-l.B)
IF(MR(1)) 230,230,200

DD 220 1=),3

IF(MI(T)I2204220,210 o T

NROw = MR(I)

THETA(NROW,1) = EL(EY - ~— ~ ~ 7 T oo
ANGLZE = «0174533%EL(I)

THETA(NROWs2) = SIN(ANGLE) -
THETA(NROWe3) = COS(ANGLE )

" CONTINUE " T

WRITE (NOUT»13) (MRUI) W MCCL)sEL(T)oI=1,3)

"GO TO 190 ST T

CONTINVUE

WRITe (NOUT.S)

READ IN MATRIX (DELB)

READ (NINs1) NROWSNCOLS
WRITE (NOUT+6) NROWSsNCILS

a e . = e - - DR

READ (NINe2) (MRUIDIMCIL)EL(TI) 1=1,3)

TIF(MR(1)) 280280259

259

269

2790

280

"NDEL(NROW) = EL(IY

DO 270 I = 143 o
IF(MI(L1)) 270,27C¢260
NOw = MR(1)

CUNTINUE

WARITS (NDUTo13) (MRUL) sMCUI)eELCI)oIx=1 o3}
GO TO 240

CONTINUE

WA ITE (NOUTP,5)

WRITS (NOUTS)

FOUR INPUT MATKICES ARE NOCW IN CORE

ARITE (NOUT7)

e ® o . - - o =owgy .- . .

290

OSSNSO -

10

16
23
32

DO 290 1 = 1 +NORDR

WRITE (NJUTH16) (A(Ll4J) sJ=1 ¢NORDR) T
CONTINUL

AR ITE (NDUT +5)

RETUSN

FORMAT(2:i8)
FOPMAT(3I(2I0,E153eT o1 X) e6A2)

FORMAT(IH /1H )

FORMAT(13H INPUT MATRIX 6Xe18¢2H Xo15)
FOKMAT(1H+ s 13Xe1HA)
FORVMAT(1H4+413Xe2HDL)
FURMAT(1IH+ 13X SHTHETA)
FORMAT(IH+ 413X ,4HOELB)
FURMET(I1Xe3(25491%0E) Ge7))
FORMAT(/ZIXcTE1Se 7T/72XeTE183e7/3%XeTEL15a7)
FURMATI(I1+E9e4+€10e8 30A2)
FOCRMAT(1H]L 98X 430A2)

-

END 218




oa

101

122

1¢3
1na

240N

379

305

31)

SUBROUTINE MHRUN

DIMINSIUON DELTHI20} .8LVE(20)

DIMEINSION (.OC(20) +SCALE(20)

CUMMON NINyNOUYP s NOUT s LOCNT oLDCAS oN(GRORe Qo FIT

COMMIIN A(Z20420)4DLT20,10) sDELATI20D) ,DELBI26 )0 E(20 2034
1 PRI20C) oVA(20) oKE (20) +KEP(20) .
2 MH{3IDsMCL3I) oL (3)eLVA(20) +LVDL20)

SOMMON PC(20) «+DEL A(20 )+ THETA(20+3)»TITLE(30)

CUMMON QIN(IO D o FITINCIO) T

THIS IS THE STARY OF THE UVERALL LOOP ON LOAD CASES

DU 850 LOOP = 1,LDCAS’ ‘ T Y

KNT = NORDR

KNTB IS THE CLUE OF SI1ZE FRCM THE SECOND ITERATION BACK
YNTC IS THE CLUE OF 1ZE FRGOM THE THIRD ITERATION BACK
BJITH USED YU CHECK FOR JSCILLATIONS IN THNE SDLOTION
KMNYS = 25

KNYC = 30 ' S T

NEFINL = 9

FIT = FITIN(LOOP) 7 i

Q = QN {LOOP)

#RITE (NJUT28) (TITLEC(L) oL=1,30),Q

IF(FIT)1084103,102 : R

WRITE (NOUT,25}) FIT

GO TG 104

NCITS (NOUT.26) FIT

G0 1D 104

ARITF (NGCUT .27}

CONT INUC

CALCULATE MATRIX (DELA)

DY 240 1 = 1,NORDR .
DELA(L) = FIT = FLTATHETA (] +3)

CONTINUS

FORM (OL)XIL) ¢ (DELYA A) @+ DELSB

DO 310 1231 NORDR

VA(I) = DELACL) ¢ DELE{I) + NDLIY,.LOOP)

wRITS (NOUT,.28) LDup

DO 24% 1=1.NORDR .

SEITE (HNOUTL16) (+DELA{L) +OFLB(I)sDLITvLO0P)sVAIL)
K(1) =1

WRITE (NUOUT.S)

fTHIS TS THE STARY 0OF THE MAIN LOOP

KLOOP = 1

CINTINUYC

KMT IS THE NUMBER OF NCGATIVE VALUES IN PRECEOING (PR)

AlvkAY (ME) INDICATES THE ROwWS AND COLUMNS OF (A) TO BE COMPACTED

wh ITY¢C (NOUT 015) KLODP o {KE(I)eI=1:20) +KNT
CUNDE NS CA) wUuW AY RO
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[a X2l

7.
1t

H

Yo 20 T=1KNT

N KECT)

20 3to J=1¢NORDK

DE(Ced? = A(NGJI)IR10E+O7
513 CIONTINUE

s
s

’

it

K, = K 4+ 1
A20 CONTINUE
WUW ZONOENSE (A) CIOLUMN oY COLUMN

K =1
DO 34y T=1,KNT 3
N = KE(L)

DO 335 J=1+KANT
DE(JIsRI=IT () ¥)
339 CJINTINUE
K = Kk + 1
340 CONTINUEC
NCW INVEIT THE CONDENSEDL ARRAY 1IN (DE)
CALL LINZAK (DFsDEsK Tels0sLIC+SCALE20)
InNVISE 1S IN APRAY (DE) -
DL 345 1 = 1 ¢KNT
1IF(LOC(I) ) 345,350,345
343 CONTINUFE
HU T 360
350 wFITE (NOUT,11) 1
GO T} 8BCY
3o CONTINUL

DO 3o 1 = 1.KNT
OO 560 J = §WNNT
362 DLiled) = OZ2(1eJ)%1a0OE+D7
0 368 1 = 1 4NORDR
363 PRIT) = Nen
DN A7L 1 =1 ¢KNT
KER(L)Y = 0
MY =27t J = L eknNT
379 °Or(l) = PR{L) = NE{l.J)3*VA(I)

GTP. 15 THE COUNT IF NCGATIVE VALUES IN P

D Lol

NMTZo 1S TrE COUNT OF POSITIVE 0% 2ERT VALUES IN DELTA,
WITH VALULS 3SMALLER THAN ONE=TENTH THE LARGEST NEGATIVE
VALU: ALSU SET TC ZEFO

3T Lo = N
NeD = T
D=LMX = se?

T 3T (PR) bR NEGATIVE VALUCES
STa T 5 TL2 1°
M 1T e XUT o Ya ) LN
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)

13 I

ars

aso
asi

515
514

517

€13
52%

520
S27

529
539
531
532

DG BS% 1 = 1 JNORDH T

BCAAL) = 0e0)

K =y

0O 3317 | = 1 4KNTY

IF (P2 (1)) 3754380, 34C
NPC = KOUT)

HCIMPCy = PRL)

NYPRL = NTPC ¢ 1
CONTINU-

CONT I NUE

KA = )

START *sTEP D¢

DO 514 1 = 1 +NORDR
OCLTA(L) = VvVAL(L)

N H1S 3 = 1 JNURDR
DELTACL) = OELTA(I) ¢ A(l  J) =
CONTINUE

CONTINUZ

O S22 1 = 1 +NOKDR
IF(DELTACL)) S1808517,517

DELTA(L)=Ne0
NBPD = NPD ¢ 1

CONTINUE

CONT I U+

STAK T *'STCP 3o

DO S27 1 = 1 +NJRODR

DILTHLI) = ODELTA(Y)

IF(OZLMX=-DELTA(L)) S27:22720526

DELMX = DELTA(
CONTINUE

1)

DELMX = Ded53*DLL¥X
DU 533 I = 1+NCRDR
IF(OELTA(L)) S294,4314¢53"

I (DILMX=DILTA(L)) 537,532,532

JrLTu(l) =

Qe

WTZu = KTZD +
<ONT INUH

AR ITZ (NOUT18
CINTINUE

PC(J)

) ToRKECI) oPROT) «PCUTI) oOFLTA(I) 4DELTA(T)

DETESMING STLE FCR NEAT ITLRATION
IF (NTOC) 9343,.424339

CUNT UL
[ (NTP{~KNT)
CONTINUC
[FINTPRPC=-NTZD)

K = Qe g
w T3 3a4a
LY =2 NTZ)

54N 4248°) 45H3)

54209482 95480
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:ég 844 CONTINUE
by ) IF (NPD=NTPC) 545,543,540
tﬁ S48 KA = Npp "7 7 v T
£l _ 545 CONTINUE
i K'= 0
gﬁ 00 SSO I=1,KA
e ' KEP(] )=t T ' T
B SS0 CONTINUE
gé T WRITE (NOUT.S) ' o T
et 852 K = KA
o 554 CONYINUE o T |
o c IF URDER 1S REDUCED TO ONEs THIS IS THE END
h T IFTK=-1)480,395,399 =
i 395 KEL. = KEP(K)
‘ IFINFINL) 3674367:396 )
396 NFINL = 0
2 . Gu'rd‘(,o‘ . s CEECEE Y

397 CONTINUE
RA = ALFELWREL)
WRITE (NOUT,17)

WRITE (NOUTs16) RA ~~  ° R
WRITE (NOUT,S)
) RAV = 1e/RA ~ 7 . e e

WRITE {(NOUT,17)
"WRITE (WNOUT+19) .
WRITE (NOUT.16) RAV
WRITE (NOUT,5)
RPR = =RAV #® VA(KEL)
"WRITE {NOUT»3) KEL JRPR
NFINL = 1

seAie e vis AR cemm e mms Bois Ga @ s @ . - eee

¢ e e S P -

NTZD = ©
________ IF (RPR) 398,400+400
398 PCIKEL) = RPR o
) GO TO 381
399 CONTINUE
c COMPARE WITH PRECEDING CYCLE
TP (K-KNT) 5800560:500 ' T o T e
560 CUNTINUE
DO 565 1 = 1 yNORDR -
IF(RECT)=KEP(I)) 580,565,580
565 CONTINUE
... G0 70 _aCo
880G CONTINUE
o __IF(K=KNT3) 585,460+585
SHS IF(K=KNTC) =90,460,590
%90 CONTINUE

- oo . e ma - " S w e Gme b SR A . & e M G SRS

A emmem et 1 ek Rt e s M e el W - vemw-. ..



i R e

PV eSS >

~

385

KNTC

VO 385 I = '] yNORDR
KE(I) = XEP(I)
T KNTB”
KNY

# lll

KNTB

KMT = K
GO HACK FOR ANOTHER ITERATION

KLOoP = RLOOP ¥+ 1 G e meeis e s mt———

GO 1O 310

CONTINUE 77 ' o -

wRITE (NOUT.4) LQOP

419

43)

BE(TIs1) ==PCUINOTHETALT 2  ~— 7

STORE P(T)®SIN(THETACI)) IN DE{TI,+1) ( = PIX)

STORE P(LI*COS(THEVACI)) IN DE(1,2) { = PIY)

PSUM = Co® L A
DO 410 I = | +NORDR

DE(142) = PCLIV&THETALL +3)
PSUM = PSUM ¢ DE (125
CONTINUE

PZERD T=Q = PSUM ' oo T e
WRITE (NOUT,29) PZERO

WRIYE (NOUT,36) ~—°— 77—
DO 420 I = 1 .NORDR

WRITE INOUTWIT) FBE(T VIV OETT2Y — 7 -
CONTINUE

wF ITE (NOUTS) ' ; T T
WRITE PUNCH OUTPUT FOR COMAP

MR(1) = LOOPp = T T T mmmmem e

MR{2) = LCOP

MR(3) = LOOP T s T eI e e
NELCT = 1

MC(1) = 1 ) T T T ;

MC(2) = 2

MC(3) = 3 o ot T
EL(1) = PZERO

EL(2) = DE(1,1) o o e T T

FL{3) = DE(1.2)

AN ETS (NDUTP .23 (MR(JI)eMCUI)oELC D)o dZ1 oIV (FITVLE(TIY o 127,300
DO 440 1A = 2.NORDR

DO 440 13 = 1,2

CLI(MELCT) = DE(IA,LLB)

MCINZLCT) 2%1a + 18 - 1)

NCLLT = NELCY ¢ 1 o ST T T -
1 (NELCT=3) 440,442,430

NELCT = |

AITE (MOUTP32) (MRIJ) e MCUIIsCLI U)o I=193) o (TITLE{ID)y» 1=27430)
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DS 43> 1 = 143
MC(1) =0
SL(L) = D0
439 CONTINU-
4340 CUNTINUE
c PUNCH ThHE LASY CARD. IF AmMY
IF(NELCT=1) 45544554859
A5 WRITE (NUUTP:2) (MRIJSI eMCLJI) ELE U)o =13 )VITITVUEC(T ), E=37,. 30)

a%5 CUNTINUE
3¢ TO s
| 450 N2 172 (NOUT21) LOOP
i 30 1) 80
| 4HC WRITE (NIUT,20)
; 80 Y CONTINUG
! 850 CUNTINUF
f A TURN
i 2 FURMAT( 3(21a4,E15e7¢1X)44A2)
3 FORMAT(IXvI3e2XeF15e7)
4 FURNMATI(GH(CSOL cJ4&/1HO
5 FURMATEIH /1H )
1" F ivMAT(IXv13¢E16e7+3E1He7)
1 11 FOIMATLZ3HIMATRIX SINGULAR? AT ROW.13)
i 12 FUOFMAT(17H VECTOR DL + DELA)
1+ FILWMATIIOHOLOAD CASEs 1341 X¢8HTRIAL PRAX s 14HVECTUR P1 (PC)s
111 Xe74DCLTA 1 411Xy 7HDELTA 2)
1o FORMAT(34HOPCSe0OR ZERO DLLTALOR NEGeP( CYCLESsI342H )42113)
To FORVMAT(/IXeTE1Se 7/72X37E1S5e7/3X,7CE1567)
17 FORMAT(I7HOMATRIX A FEDUCED)
13 FORMAT(1Xe21444E18,47)
19 FLevATUIHS o 17X 31 2HAND INVEKTED)
24 FORMAT(TH N NEG)
21 FravmaT{I9HILNAD CASTel4,11H OSCILLATES/)
24 raRAST(1HY 28X e3NA2//7/7TH LUAD =,4E16e7¢7H POUNDS/7/)
25 FRWAT(22H INITIAL LACK OF FIT =.El6e7+7TH INCHESZ/)
26 FORALT(L19H INTERFERENCE FIT =4616e7s7H INCHES)
27 FuhNMAT(12H SLIDING FIT)
29 ruraaTL7IHNROW CALCULATED DELA INPUT DELS LOAD VECTOFf
1 TOTAL VFCTOK/ZG8SXe6MIL (Mo 1202 2H) DELA + OCLH + DL)
Y T aT(tm P 2RO =92EL16eT7//7)

2 F AT (o4 NICL +6X e IHPIX sl Xy 3HPYIY)
L ot ML T (I 425 Te7)
v a0
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SUBROUTINE LINEAR (AsBeMOINOeDsLOCsSCALEIMAT)
OTMENSION A(MAT1) +B{MAT.1)+LOCI1)+SCALE(L)
NDIMENSIUN SUM(1) ' )
DUUBLE PRECISION . SUM
A g e Sum
N = NO

v INC = 0

l IF (N) 10,30,30

' 10 IF (N -+ 199) 20.230,230

| . 29 INC =1 - . L

E.

i

A v e o 5

39 INC = INC + 13
DO 60 1 = 1M

i X = 060
; DD S0 J = le¥
t ' IF (X = ABS(A(Js1))) 4D,50,50
40 X = ADS(A(JI))
g 50 CONTINUE ’
i X = POWER(X)
« SCALS(1) = X

DO bl J = 1M
63 AlJsl) = AlJWLY 7 X
DO 216 1 = 1M
; 1M =1=-1
g NEXTI =1 + 1
UML) = ~A(]1.1)
CALL UUT (11 sA(I+1)sMAT,A(1,+1)0914SUM)
X = ABS(SUM)
Y = =SNGL(SUM)
K =1
IF (1 = M) 7351105110
70 DO 1(¢ J = NEXTI oM
BUM(L) = ~A(Jel)
CALL DOT (11 0A0Je1) eMAT sA (1 91) 01 9SUM)
IF (X = ABS(SUM)) B80,90.9"
T80 AlK,I) = ¥ '

- o m—

TR, s

K = J
X = ABS(SUM)
Y = «=SNGL{3IUM)

GO T 12¢
90 a(Jel) = =SNGL{SUM)
191 CONTINUE '
119 LOC(T) = K
TUIF {2560% X = ABS(A(KeI))) 126,120,150
120 IF (15777216e0% X = AUS(A(KeI)}) 130,130,140
139 Lea(l) = ¢
G2 T a4cd
149 LUCLT)
150 A(Ky1)

=-L.0C(1)
Y

uhn

225




170 A{KeJ!

i e+ e e mmeme e -

TF (T~ K) 1604180 ,130
160 D) 170 J = 14M
) X = &4(1.9) ’
AClJ) AlKel)
x -

fion

D = =D
180 IF (1 = M) 190+210,210

190 DO 200 J = NEXTI M

AtJIe 1) A(Sol) 7 v

SUM(1) ~A(14+4)

CALL DOT (11 4A(T 1) MATAC(LvJ) el e SUM)
200 A(f4J) = =SNGL{SUM)

o

210 D = O % ¥V » SCALEC(D)
DO 220 I = 1+M
DO 220 J = 1.1

220 A(Jel) = A(JI4l) * SCALE(])
GU T3 (230+460)sINC
230 LIM= 1ABS(N)
T O1F (LIM) 240,280,240

240 INC = O

DO 270 1 = 1M
K= 1ags{LoctlI))
TIF (Y« K) 25C.2700130° T
250 D0 260 J = 1l.LIM
X s Bllyg) T 7T
3(led) = B(KeJ)
260 BI{KyJ) = X
270 CONTINUL
280 00 300 1. = 1+M
SCALE(]) = ~A(l41)
All.1) = 1e0 - = 7
00 29U 4 = (M
290 A(1+d) = A(l4J) 7 SCALE(ID)
DO 3230 ¢ = 1.1
3C0 A(lsd) = =A(14J)
O 230 I = 2eM
INK = )
IF (LIM) 130,330,319
319 DO 320 J = 1.LIM
INK =2 INK + INC
SUM = B(1+J)
LIMp = 1 « INK
CALL DOT (LIMBA(TJINK) JMAT sB(INKsJ)s1sSUM)
320 L(1es) = SHCLESUM)
23¢ LIM = LIM ¢+ INC
1 = ¥
VU alf MIT = 1oM
IF (LIM)} 360.3604340
342 DD 350 K = L.LIM
SUM{Ll)= QDN
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350
J60
370

382
390
400

405

alo

420

8440
450
460

100
110
12v

TCALL DAY TN T oAl W IT o MAT BT KYSTSSURY ™~~~
6B(1eK) = SNGL(SUM)

IF (4) 410,370,410 T - T T e
LIM a3 LIM = INC

MI = M =~ |

DO 4(0 K = [ oM

SiM(1)= 0400 T
It (K = I) 380,380,390

SUM = A(l,1) .o T
CALL DOT (MIGA(I oI #1) MAT B(I¢1sK}el,5UM)
SCALE(K) = ENGL{SUM) ) T

DO 805 K = oM

B(l,K) = SCALE(K) T o T T
1 =1 =1 ) S - —
IF (N) 260,420,400
x g ” - I . . - - - e——— B T ¢ G S S v A
DO 450 M1l = 1M

k= lass(Lactn)y _ ___
IF (1 =K) 430,450,130
DO 440 J = 1eM
X = A(JeI)

AlLJoI) = ACIek)
Aiaky St e :

- et ————— -

- e . - —— e e

et S
RE TURN
END

oo O— v me

SUBROUTINE DOT(LeXsIXeYolYeSUM)
DOUBLE PRECISION SUM
REAL X{IXell2oeY(1)
IF (L) 100,120,100
DO 116 J = 1.t
SUM = SUM ¢ X(1,J3%Y(J)
RE TURN

END

.- . e e

e~ - s . m -
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APFENDIX I CONTACT PROBLEM INPUT MATRICES

In Chapter 3 the method used to solve the contact problem was briefly
described. This Appendix gives the details for setting up the matrices
needed as input for the analysis. The present study uses the Grumman
rotrix structural anelysis program called COMAP-ASTRAL but any elastic anelysis
computer program that has similar planar finite elements as those
described in Section 2.3.1 could ° used.

The first matrix to be gr -.ed is the matrix of influence coeffi-
cients, [A] which gives the radi.l displacements around the hole for unit

redundants {P} following the notation shown in the figure below.
P I

Plate

Rigid Pin

The relation of [P) to the radiel displacements in the plate, {61-}
is of the form:

(P} = (4} (5] (1.1)
where,

(P} =

ne
g
wt




v 1o

e .

We can rewrite Eq. 1.1 by eliminating one of the redundants from

the statically determinate equilibrium condition which is:

= [-c - e - . '
PO = [ 038, cas8, ccan 1] (P}
4
Pl
where , {p'} = P,

Lo )

(1.2)

Thus the new redundants are related to the 0ld by the expression below:

-

= {a] {P'] , where (o] 18 & transformation matrix .

5 {1.3)

- 1 ¢
PO -cos Ql -co8 62 tes =1 Pl
Pl i 1 0 < PE
P ‘ Py
n ) Y 0

L ~ - \Q J

Once the order of the redundants in tne compatibility equation (Eq. 10)
are changed the radial displacements must be reord:red. Let {Ar} be the

relative radial displacements between the fastener and the plate.

batweern {Ar} and {61'} becomes:

) " ()

54 -coeel 1 ves ¢ 6r0
bg > . -cosd, 0 1 0 < 6., >
| o : : :
LA;-Q S L ° v - ®m <
= [8) {6,}, where [B] 1is & transformation matrix,
246

The relation

(1.4)
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Note that the relative radial displacement ArO = 0 so that ArQ or any point

i on the 1 _d fastener has zero relative displacement to point O.

e im0 814201 e b il K smras 1t asease

The expression for relative racdial displacements due to the action of
of the redurdant {P'} therefore becomes:
{a 1 = (8] (A (o] {P"] (1.5)

;
1
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APPENDIX J NONLINEAR ANALYSIS OF 4 SINGLE FASTENER - THREE-DIMENSIONAL
EFFECTS

Sterting with a loed delflection curve (Figure J-1) for & sirgle
rigid fastener, (Figure J-2) &s determined by finite-element methods
described earlier in.Chapter 2 for which the detalled sheet stresses
are known ( e.g. Figue J-3 ) for each load level, a "secant spring
modulus”ﬁa’is availsble, II one lsolates the fastener and repleces
tr2 surrcunding plete moteriel sheets by a continuous series of non-
lineer transverse springs, the problern becomes quite tractable, It is
emphasized here that the engineering assumpiion made is essentially
the same =5 is nade in "bean on elastic foundation"” theory, i.e., the
shear effects through the sheet thickness play only a secondary role in
the load distributicon md can be ignored for the present.

Continuing along these lines, Figure J.h shows the ideslization of
a typical fastener in single :shear, Denoting the fastener defiection

adjacent to the ith

plate by Yy (i=1 and 2 for a fastener in single
shear; i=1, 2 and 3 for a fastener in double shear, ete,) and Yi as the
plate defiection at some reference section, it tecomes possible o relate

Yi -V to the locsl eecant spring stiffness:

g 3
4

where X, and v, may vary tarough the plete thickness x, .
It the reference section is sufficiently fa: (d.e., seversl nole

dimpeters . from the Teuslenerl, il cah be asowmed Lo revaln plans, leod-

ing te the Scllowing:
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where 8y and bi are oconstants to be evaluated such that

h

-1 . -
By '_/ q I3 (7-3)

0

h

e

- xi') dﬁ (7-%)

N

h
Y
)'Ai =‘/ qi(
(o]

where P, and Mi are the net force and moment at the plete reference
rs

sections,

Since the provlem may be nonlinear, & step-o-sic. linearized

numerical solution technigue is proposed whersin P, and Mi are built

up simultz .zcusly in sufficlently small steps (M’i, &¥, ), such that

ps

ki and y, mey be approximated in the integrands of fguations (¢-2)

i

end (J-4) by vaiuer wnich correspond uo the previcus stzp. in this

way &, ard b, may be eveluated in verms of f, ard ¥, Lrom Tguetlons
L : pe .

(3.3 eni {6
fanng 2ol E,ag PP Byl
H = fy_a
%t §- s et Y
(3N Ly M, vy,
g ez by MY
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3
__§
By = [ vy Ry
4 3
h
v hy t x k, ax :
1 “‘5‘31"/0‘ 1Yy Ky Xy

Thus qi, as & function of xi, 15 known afier each increment in the
lnading.
To solve foi the yi, a short thick-beam theory, such as Timoshenko's
(Reference :12 ) ,anpears suitable since it accounts for shear defiection,

For simplicity's sake, it is assumed that the fastener-heud erfects may be
approximated by a rotational spring and edge shear resistance to simu-

late head friction.

YIS VRS P

Referring to Section 4.3, the beam-segment equations, correspond-

ing to each plate, are:

4 dy ay
— =i, re—dh - - =
o (BLy o)t aeA, (T~ vy) =0 (3-7)
and :
d . dy. Qi
—A, [ =% -y, ]) =~ = (3-8)
dXi i dxi i AG

v il s

where Yi is the cross-sectional beam rotation under the ususal assump-

tion that plane sections remain plane, Ai is the cross-sectional area,

E and G are the material stiffnesses, Ii the bending moment of inertia, and
A 1s a factor which depends on the geometry of the beam cross-sec*ion,

The interface boundary conditions are

yi = - yi*l H ?1 = ‘Y1+1

. , {3-9)
SRR . E5 N 7 U/ €5 R ?
dx, axy 4 dx, i ax, 1y i+1

and the boundary conditions at the fastener heads can be written as
250
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o ¥y =€

(7-10)

dy.
My G{'dxl ~¥) =¥
1

] where the C's ere sdjusted Lo account for heed effects and F 1s the shear
load between fastener and head. For example, if the Lead rotational
stiffness 1s & constant, say S, 021 = S and Clt = ] regardleas of the
level of Pi and Mi. Ir gensral, these C's as well as F, must be ap-
proximated by engineering means or be empirically adjusted to permit
correlation with test date,

Equations (J-7) through (J-10) may be solved numerically by

k finite difference techniques. However, because of the nature cf the

assumptions and degree of approximstion to this pcint, an analytical

Dt

solution is essily avallable if the coefficients cf the differential

equation are assumeéd constant, i.e., A, and I, are assumed constant,

i i
Thus, the y; are eveluated as functions of x

for each step in the P

i i?

M1 iteration process.

Once a solution for g e ¢ thichness is
-

ottained in terms oL the final Pi,M.i combipaticn, the stresses through

the sheets near the fastener holes may be determined by reference to
the previous two-dimensional stress solution at each thickness level.
Murthermore; an effective fastener spring rute, including fastener shear
and rotation may be defined in terms of relative deflections on & given
fastener,

Linearization: As & first step to the overall problem, the equa~

I tions mey be greatly simplified if,as appears justified from (hLepter 3,

n
]
[l
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the elastic foundation springs, corresponding to each plste, are as-
sumed to have constant rates, Thus, the first three integrations re-
quired by Ekquatioas ‘\'J-6) may be pertformed explicitly orce and for &all,
and &'1 and b1 become uniquely determined function of integrals in yye
Subotituting these inlo Equation (J-2) and thence into Equation {J-8§)

yields

é

dx,

dy4 ) ky ks 84 ki ©
(A -y ) + = = + __1 X (J_ll
1 [dx.- 1) N G 1 )

-

where Equation (J-11) will invelve integrals of Y-

For constanl ares, Ai’ and bending inertisa, I:l’ it becomez a simple

matter to obtain closed-form-analytic solutions to Equations (J-7) ard (J-11)

subject to linear boundsry Equations (J-10). In this way, once the ¥y

known the stress variation through the thickness, Q> may be computed.

are
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Figure J.l - Load Deflection Curve for A
Typ.cal Fastener. Includes Local Planar
Effects Only.

Loy} U A

8 Figure J-2 - Typical Compressive Stresses
Over Fastener-Flate Contact DNcgloa.
Includ=s Planar Effects Cnly.
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Figure J.p - Idealized Configuration Tc Obtain
Fastener Loald-Deflection Curve.
Includes Local Tlanar Effects Only.
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(a) Plate-Fastener lcad Interaction Through Plate Thickness

ﬁlg-/&ﬁ—- Y :f \L X2=0

L Cinnnnia

(b) Tdeelizec Model of Plete as & Nonlinear Elastic Foundation Interacting With a Short
Beam

Figure J.4 - Tdealized Model Including Local Effects
Along the Fasteper Length and Through the Flate's Thickness
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